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Depressive symptomology has been linked to low-grade peripheral inflammatory markers (PIMs), specifically C-reactive protein
(CRP) and white blood cell count (WBC). However, such associations may be affected by multiple moderators (including race/
ethnicity), though few well-powered and racially diverse studies have examined this. We examined 31 moderators of PIM-
depression relationships in a large racially diverse cohort (n =21,570). We also examined if associations between PIM and
depression severity were dependent on clinical cutpoints for moderate depressive symptoms and elevated CRP. We found several
positive moderators of PIM-depression relationships for both WBC and CRP: ongoing medication use (antidepressant, statin, or any
prescription drug), presence of sleep concerns, and poor health status (f's = 0.06-0.21, p’s < 0.05). For both WBC and CRP,
individuals of non-Hispanic White race/ethnicity were found to have stronger PIM-depression associations overall relative to
minoritized groups (B's =0.14 to 1.01, p’s < 0.05). For CRP, stronger PIM-depression relationships existed for individuals with
moderate (or greater) depression severity or elevated CRP (B's = 0.27 to 0.49, p's < 0.05). Thus, a wide range of moderators appears
to affect PIM-depression associations. These results could help identify participants with strong coupling of PIM-depression severity,
to guide future research and personalized treatments for depression and to indicate gaps in the applicability of widely referenced

theoretical models among racial/ethnic minoritized groups.

Neuropsychopharmacology (2022) 47:1693-1701; https://doi.org/10.1038/s41386-022-01341-1

INTRODUCTION

In recent years, the relationship between low-grade peripheral
inflammatory marker (PIM) elevation and depressive symptomol-
ogy has been highlighted [1]. Numerous studies identify cross-
sectional associations between PIMs (e.g., C-reactive protein (CRP),
interleukin-6 (IL-6), white blood cell count (WBC)) and depression
severity and suggest bidirectional casual associations between
PIMs and depression [2-6]. Specifically, PIMs may be causally
related to depressive symptoms through effects on neurotrans-
mitters, neural circuitry, or other biological pathways (e.g.
hypothalamic-pituitary axis, gut-brain axis, or kynurenine pathway
activation) that are associated with depressive symptoms [3].
Furthermore, growing evidence suggests that low-grade PIM
elevation may contribute to or be associated with depressive
symptomology more strongly in certain subgroups of depressed
patients (e.g., males) [7, 8]. While prior studies have examined such
subgroups of patients based on depressive symptoms [9, 10] or
immunological profiles [11], fewer studies have examined
subgroups based on other readily available patient-level char-
acteristics (e.g., age) that might contribute to variation in strength
of PIM-depression associations [12]. Yet, identification of such

subgroups is critical to help guide individualized treatments for
depression (e.g., immunomodulatory agents or specific antide-
pressants) that would allow unique targeting of inflammatory
dysregulation. From a statistical standpoint, lack of attention to
subgroup effects on PIM-depression associations may result in
Simpson’s paradox (whereby statistical relationships present in a
population are reversed or absent when breaking down the
population into subgroups) or result in failure to detect PIM-
depression associations that are more relevant for select
subgroups [13].

To better recognize such subgroups, studies have started to
examine a few moderators (e.g., gender, body mass index) of the
PIM-depression relationship [12]. Assessment of the effects of
potential moderators would allow elucidation of the precise
patient-level factors, which when present or at greater severity,
might be linked to stronger PIM-depression associations. Prior
studies have examined variations in the relationship between PIM
levels and depression severity in a few different subgroups [12],
with some suggesting that PIM-depression severity associations
are greater in males, White individuals, and individuals with
obesity. However, a comprehensive review of the literature reveals
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mixed results in terms of both the existence and the direction of
differences in the strength of PIM-depression severity relation-
ships across these and other subgroups (see Supplementary
Material S1). These mixed results may be explained by differences
in the nature of the cohorts (e.g, depressed participants,
community cohorts, or cohorts with certain physical health
conditions) which could limit ability to detect significant effects,
particularly given that strength of such associations between
depression severity and PIMs may vary based on the subgroup. In
addition, many relationships have only been examined in small
cohorts and with factors more distally related to depression—e.g.,
in one small study (n = 87), sleep disturbance was associated with
greater associations between stress and inflammatory gene-
expression [14], but it was unclear if such associations might
extend to relationships between depressive symptoms and
PIMs. Given these disparate findings, examination of a wide
range of potential moderators (e.g., antidepressant use, physical
activity, substance use, or psychosocial factors) in a singular well-
powered cohort (which has not been done in prior studies) could
fine-tune research involved in the study of PIM-depression
associations.

Furthermore, while some studies have examined moderators of
inflammatory-depression relationships for CRP, few have exam-
ined such relationships for another important PIM-WBC. Higher
WBC levels have been associated with greater depression severity
[5, 6] and increased risk of outcomes related to depression (e.g.,
suicide) [15] and might be tied to depression differently from CRP
given that it indexes physiologically different aspects of the
immune system [16, 17]. Importantly, prior research also has
suggested that interaction effects related to PIM or depression
subgroups may exist, for instance, that PIM-depression associa-
tions are stronger in individuals with greater CRP levels or with
clinical depression [3, 18, 19].

Recent research has emphasized the importance of studying
one potential moderator in particular- race/ethnicity [20]. Though
examination of race/ethnicity as a variable in analysis is important
to provide information on generalizability of a study and to
identify potential disparities/inequities in the relevance and
influence of pathophysiological mechanisms related to depres-
sion, race and ethnicity are dynamic social constructs that stand in
for other factors, including but not limited to social determinants
of health, racial/ethnic disparities, ancestral heritage, and effects of
racism [21]. Thus, close examination of moderation effects of race/
ethnicity is needed given the dearth of large cohort studies
examining PIM-depression associations in racial and ethnic
minorities and mixed results in prior analyses [22].

To answer these questions, we sought to examine a wide range
of potential moderators of the relationship between PIMs (WBC,
CRP) and depression in a large, well-powered, racially diverse
community cohort (n=21,570). To identify whether certain
moderators affect the strength and/or direction of PIM-
depression relationships, we utilize data from the racially diverse
National Health and Nutrition Examination Survey (NHANES)
cohort to examine 31 potential moderators for which prior
empirical evidence supports a role in PIM-depression relationships
(see Supplementary Material S1), including a close examination of
moderation effects of race/ethnicity. We hypothesized that the
potential role of these moderators would be clarified through our
use of a large sample and comprehensive analytic approach.
Given evidence from prior studies [3, 18, 19], we also examined
interaction effects related to PIM or depression severity sub-
groups, e.g., if PIM-depression severity associations were stronger
in participants with elevated CRP or with Patient Health
Questionnaire (PHQ)-defined moderate/severe depression. On an
exploratory basis, to enhance clinical relevance, we also examined
moderator effects specifically in a subgroup of participants with
PHQ-defined moderate/severe depression (n = 1692). Our results
can be used to identify cohorts of individuals with close linkage of
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depressive symptoms with PIM levels, based on a broad range of
patient-level characteristics. Identification of such cohorts would
allow recognition of patient populations that might specifically
benefit from interventions targeting depression related to
inflammatory dysregulation and inform studies attempting to
parse pathophysiological links between depression and low-grade
PIM elevation.

METHODS

Participants

Participants included 21,570 adults participating in any of five cycles of
NHANES (cycles included 2005-2006, 2007-2008, 2009-2010, 2015-2016,
2017-2018) with at least one PIM level (CRP or WBC count) and with
complete PHQ-9 scores [23]. NHANES is a survey that has been conducted
in the United States to provide vital and health statistics on the US
population. The survey includes an interview (covering participant-
reported sociodemographic information, medical information, depression
survey (PHQ-9)) and also a mobile laboratory consisting of medical
professionals who conduct further assessment of health status and obtain
laboratory tests. One of NHANES' goals is to provide greater health
information related to racial/ethnic minorities, which are thus over-
represented in NHANES [23].

Primary measures

The well-validated PHQ-9 was used as our measure of depression severity,
with scores ranging from 0 to 27 (greater scores indicating worse
depression severity). PHQ scores can be used to categorically reflect
severity of depression, i.e., indicating moderate depression (scores 10-14),
moderately severe depression (scores 15-19), or severe depression (scores
20+) [24]. Our use of the term “moderate/severe depression” indicates
moderate, moderately severe, or severe depression. Serum CRP levels were
obtained through analysis via latex-enhanced nephelometry on a Behring
Nephelometer or Beckman Coulter Synchron analyzers, with LLODs < 0.15
mg/L. Values below the LLOD were replaced by the LLOD divided by the
square root of two. WBC counts were obtained through Beckman Coulter
analyzers. Consistent with prior studies, we excluded participants with CRP
>10mg/L or WBC > 11 x 10° cells/L which represent likely active infection/
inflammation. Normal clinical values for CRP range between 0 and 10 mg/L
and for WBC range between 4.5 and 11 x 10° cells/L [25, 26]. Of note, PIM
levels were appreciably similar across different cycles of NHANES and the
methods used to assess both CRP and WBC in NHANES have consistently
demonstrated high reliability (see Supplementary Material S2) [27, 28].

Moderators

We examined 31 potential moderators, with more extensive details in
Supplementary Material S3. Demographic measures included age, gender
(male/female), marital status (married/cohabitating or not), education level
(above or equivalent to/below high school), poverty index (lower scores
indicating greater poverty levels). We included self-reported race/ethnicity
as both a dichotomous measure (non-Hispanic White vs. non-White or
Hispanic) to be consistent with prior studies and a categorical measure
with four categories: non-Hispanic White, Black, Mexican—American, and
Other Hispanic (Hispanic but not Mexican—-American). For gender and race,
no other categories (e.g., other genders or races/ethnicities) were available
in NHANES datasets. Objective measures obtained included body mass
index (BMI), obesity (defined as BMI > 30), serum cotinine levels (reflecting
recent nicotine exposure), hemoglobin A1C (used both continuously and
dichotomized at 6.5%). Self-report measures based on questionnaires
included smoking (presence/absence in past month), general health status
(scaled 1-5 with higher scores indicating worse overall health), vigorous
physical activity (both days/week and presence/absence), sedentary time
(minutes/week), alcohol use (drinks/day over the past year), illicit drug use
(use ever), specific current prescription medication use (i.e., antidepressant,
opiate, NSAID, statin), any aspirin use, any current prescription medication
use (presence/absence), sleep concerns (presence/absence), and sleep
disorder diagnosis (presence/absence).

Analysis details

The statistical software R version 3.5.2 (see https://cran.r-project.org/) was
used for statistical analyses (with use of the packages interactions and Isr).
For primary moderation analyses, linear regression models incorporated
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the interaction terms and main effects of the PIM and moderator as
independent variables (IVs) in predicting the dependent variable (DV) of
depression severity (operationalized by PHQ-9 scores). To examine
interaction effects related to PIM or depression severity subgroups, we
used linear regression models examining the interaction of PHQ-defined
moderate/severe depression status x PIM in predicting depression severity
and independently, interaction of elevated CRP status (CRP > 3 mg/L) x PIM
in predicting depression severity, given prior studies suggesting this form
of statistical interaction [19, 29]. A significant interaction term in either of
these analyses indicates an interactive relationship between PIMs and the
moderator. Both WBC and CRP were natural log-transformed in all analyses
given skewed distributions, with raw values only presented for descriptive
purposes. All categorical variables (including elevated CRP status and PHQ-
defined moderate/severe depression status) were dummy coded. Stan-
dardized beta coefficients (utilizing z-score standardization) are presented
for comparison of continuous variables, while unstandardized beta
coefficients are presented for comparison of categorical variables (as
these were dummy coded). In the Supplementary Material, we also provide
examples of regression equations (see Supplementary Material S4) and
tables/graphs examining simple slopes to more easily interpret moderation
effects (see Supplementary Material S5). FDR multiple comparisons
adjustment was used for all tests done for all primary analyses for PIM
(i.e., correcting for 64 comparisons), with reporting of both unadjusted and
adjusted p values.

In exploratory analyses, we also examined PIM*moderator interactions in
predicting depression severity solely in participants with PHQ-9-defined
moderate/severe depression, in identical fashion to our primary analysis
(with a similar analysis done for nondepressed participants for descriptive
purposes in Supplementary Material S6).

In sensitivity analyses examining impact of covariates, we individually
included potential covariates (age, gender, race, smoking, prescription
drug use, chronic illness burden, BMI, recent acute illness, and poverty)
that might confound relationships by including covariates in linear
regression models with exactly 4 IVs (PIM*moderator interaction terms
and covariate of interest) and one DV (PHQ-9 scores) (see Supplementary
Material S7/58/59). This methodology was used given prior studies noting
variance in results dependent on which covariates were included in
analysis and potential causal effects of depression on covariates, which
would reduce ability to detect true effect sizes. Our sensitivity analysis
examining impact of covariates generally had appreciably similar results to
those in the primary analysis, with exceptions noted in the results. For
interested readers, we also performed a post hoc replication analysis
examining two random subsamples of the full datasets, finding that
significant moderation models were similarly predictive in two random
subsamples of data (see Supplementary Material S10).

RESULTS

Demographic and clinical characteristics

Our cohort was comprised of 21,570 individuals (mean age = 48.1,
50.8% male, 43% non-Hispanic White). Average CRP levels were
239 mg/L and average WBC levels were 6.9 x 10° cells/L. Average
PHQ-9 scores were 3.04, with ~7.8% of the cohort with scores
above the PHQ-9 cutpoint associated with clinical depression
(PHQ-9 score>9) [24]. Depression severity was significantly
associated with both logCRP levels (Std. $=0.28, p=1.2x
107%* n=121,315) and logWBC levels (Std. 8 =0.26, p=1.5x
1072°, n = 21,506). For descriptive purposes, summary statistics for
all moderators are listed in Supplementary Material S11.

Interactions of PIM and moderators to predict depression
severity

In our moderation analyses, for both logCRP and logWBC,
participants with ongoing prescription medication use (antide-
pressant, statin, or any prescription drug), sleep concerns, and
worse general health status had stronger associations between
PIMs (both logWBC and logCRP) and depression severity as
compared to patients without or with lesser levels of those factors
(Padjusted’s < 0.05; see Table 1). For logWBC specifically, participants
with SSRI use had stronger logWBC-depression associations
(Padjusted < 0.001). For logCRP specifically, participants with NSAID
use, greater BMI/obesity, greater HbA1c, greater age, with a sleep

Neuropsychopharmacology (2022) 47:1693 - 1701

M. Rengasamy et al.

disorder, and with greater levels of poverty had stronger logCRP-
depression associations (Pagjusted’s < 0.05). No appreciable differ-
ences were noted on sensitivity analysis adjusting for potential
confounders for these listed significant findings, except that
moderation effects related to HbA1c and age for logCRP were
lower and not statistically significant (see Supplementary Mate-
rial S7). Figures 1, 2 descriptively illustrate PIM-depression severity
based on the moderator level. For interested readers, we also
provide a summary table of variables that were potential
moderators, potential confounders, or both in Supplementary
Material S12.

Differences in PIM-depression severity relationships based on
Racial/Ethnic Group

In our moderation analyses examining race/ethnicity, for both
logCRP and logWBC, participants of non-Hispanic White race/
ethnicity (compared to minoritized races/ethnicities and Black
race/ethnicity specifically) had stronger associations between PIMs
and depression severity (Pagjusted’s < 0.05; see Table 2). For logWBC
specifically, participants of non-Hispanic White race (compared to
Mexican-American race/ethnicity and Other Hispanic race/ethnicity)
had stronger logWBC-depression associations (Pagjusted’s < 0.01). On
examination of specific racial/ethnic groups where significant
moderator effect differences were found, significant associations
between logCRP and depression severity were observed in non-
Hispanic White participants (B=0.339, p<0.001) but not Black
participants (B=0.0927, p=0.09). For logWBC, associations
between logWBC and depression severity were observed in
participants of White (B = 1.64, p < 0.001) and Black race/ethnicities
(B=10.84, p <0.001), but not participants of Mexican—American and
Other Hispanic ethnicities (p's>0.7). No appreciable differences
were noted on sensitivity analysis adjusting for potential confoun-
ders (see Supplementary Material S8). Supplementary Material 513
descriptively illustrates PIM-depression severity based on the race/
ethnicity.

Interaction effects related to PIM or depression severity
subgroups

For logCRP, there was evidence of an overall interaction relationship
related to depression severity subgroups between PHQ scores and
logCRP, whereby participants with PHQ-defined moderate/severe
depression (n = 1692), as compared to those without (n = 19,878),
had significantly stronger associations between logCRP and
depression severity (Std. B=0.08, B=0.27, Punadjusted < 0.007,
Padjusted < 0.001). Similarly, for logCRP, participants with CRP >
3mg/L (n=6102), as compared to those with CRP<3mg/L
(n = 15,213), had stronger associations between logCRP and depres-
sion severity (Std. B=0.245, B=0.49, Pynadjusted = 0.002, Pagjusted =
0.007). For logWBC, interaction effects related to PIM or depression
severity subgroups were not identified (punadjusted’s >0.11). No
appreciable differences were noted on sensitivity analysis adjusting
for potential confounders (see Supplementary Material S9).

Moderation effects within PHQ-defined moderate/severe
depression cohort

To examine clinical relevance to MDD, we also examined if similar
moderator effects existed within participants with PHQ-defined
moderate/severe depression (n = 1692, see Table 3). For logCRP,
worse health status, greater sedentary time, and non-married/non-
cohabitating status were associated with greater logCRP-depression
associations (p's <0.05). For logWBC, use of SSRIs, use of any
prescription medication, presence of sleep disorder, and less alcohol
use were associated with greater logWBC-depression associations
(p's < 0.05). Qualitatively, some similarities with our primary findings
existed in terms of moderation effects (e.g., for health status and
sedentary time), but also notable differences in presence or
direction of moderation effects for other findings (e.g., NSAID use
for WBC/CRP, BMI for CRP, and alcohol use for WBC). In examining
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Table 1.

Moderation analyses were conducted for both CRP and WBC to examine if a given moderator affected the relationship between
inflammatory marker and depression severity.

logCRP Interaction Term Statistics logWBC Interaction Term Statistics

Moderator n Std. B B P Pagj n Std. B B P Pagj
Antidepressant Use 21315 0.07 0.215 0.016 0.033 21506 0.147 1.972 <0.001 | <0.001
NSAID Use 21315 0.148 0.535 <0.001 <0.001 | 21506 0.063 0.982 0.024 0.071
Statin Use 21315 0.104 0.248 0.001 0.003 21506 0.079 0.811 0.006 0.019
Prescription Opiate Use 21315 0.015 0.066 0.607 0.691 21506 0.035 0.686 0.202 0.43
SSRI Use 21315 0.06 0.229 0.04 0.069 21506 0.161 2.652 <0.001 | <0.001
Smoking (present) 8958 -0.087 -0.159 0.073 0.109 9033 0.008 0.06 0.876 0.903
Physical Activity (present) 17431 -0.047 -0.088 0.133 0.19 17608 -0.015 -0.122 0.628 0.768
Aspirin Use 5361 -0.017 -0.034 0.787 0.812 5472 0.121 1.033 0.032 0.081
Obesity 21149 0.131 0.251 <0.001 <0.001 | 21338 -0.02 -0.166 0.48 0.659
Sleep Disorder (present) 12942 0.092 0.334 0.01 0.024 12984 0.042 0.655 0.236 0.43
Sleep Concerns (present) 21305 0.079 0.168 0.003 0.01 21496 0.077 0.706 0.004 0.015
OCP Use 2236 -0.118 -0.276 0.237 0.301 2246 -0.104 -1.051 0.298 0.468
HBAIc >6.5 21273 0.033 0.098 0.295 0.36 21440 -0.009 -0.115 0.763 0.839
Education (>HS) 20014 0.008 0.014 0.788 0.812 20194 0.032 0.254 0.261 0.431
Gender (Male) 21315 -0.025 -0.045 0.368 0.433 21506 0.001 0.006 0.976 0.976
[llicit Drug Use History 13811 -0.072 -0.131 0.037 0.067 13912 0.04 0.32 0.248 0.43
Prescription Drug Use 21303 0.115 0.21 <0.001 <0.001 | 21494 0.081 0.643 0.003 0.014
Married/Cohabitating 20453 0.009 0.017 0.753 0.812 20634 -0.021 -0.165 0.462 0.659
Health Status 21313 0.209 0.197 <0.001 <0.001 | 21504 0.099 0.401 <0.001 | 0.001
Physical Activity (days/wk) 17426 -0.056 -0.02 0.071 0.109 17603 -0.013 -0.02 0.677 0.798
Alcohol Use (drinks/days) 10870 -0.007 -0.005 0.856 0.856 10900 -0.044 -0.126 0.239 0.43
BMI 21149 0.176 0.025 <0.001 <0.001 | 21338 0.017 0.011 0.533 0.689
Smoking (cotinine) 21283 -0.04 <0.001 0.145 0.2 21300 -0.006 <0.001 0.818 0.871
Poverty Index 19468 -0.09 -0.05 0.001 0.005 19639 -0.061 -0.149 0.03 0.081
Age 21315 0.067 0.003 0.015 0.033 21506 0.028 0.006 0.323 0.484
Sedentary Time (minutes) 17335 0.067 <0.001 0.03 0.059 17510 0.039 0.001 0.217 0.43
HBAIc 21273 0.089 0.079 0.004 0.011 21440 -0.011 -0.041 0.714 0.812

Positive beta weights for interaction effect indicate that the association between the inflammatory marker and depression severity was stronger in the group
where the moderator was present (if dichotomous variable) or in participants for whom the moderator was greater (if continuous variable). Interactions with
p < 0.05 after FDR-adjusted p values are highlighted, with trend-level associations (FDR-adjusted p < 0.1) highlighted in gray. Standardized betas are presented
but should be interpreted with caution for dichotomous dummy variable moderators (e.g., gender).

the unique moderator of race/ethnic group, significant moderating
effects of race/ethnicity on PIM-depression severity were not found
for either logCRP or logWBC, with the supplement detailing PIM-
depression associations within racial/ethnic subgroups (see Supple-
mentary Material S14).

DISCUSSION

Our analysis of the large, racially diverse, community based
NHANES cohort supports previously reported associations
between depression severity and PIMs (both WBC and CRP). This
study adds to the existing literature by providing strong evidence
for a significant effect of several moderators that alter the
strength, presence/absence, or direction of these associations.
Specifically, we found that participants using certain medications
(antidepressants or statins), using any prescription medication,
with poor health status or sleep concerns, or of non-Hispanic
White race/ethnicity (as compared to both minoritized races/
ethnicities and specifically Black race/ethnicity) had stronger PIM-
depression associations for both WBC and CRP, while additional
PIM-specific moderation effects were also noted. These findings
from a large and diverse community sample suggest that models
linking PIMs and depression, which are based largely on
homogeneous or selective cohorts (e.g., predominantly Caucasian
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with limited racial diversity) may be far more relevant for certain
subsets of patients than for others, with corresponding potential
specific treatment needs (e.g., specific immunomodulatory treat-
ments targeting depressive symptoms). Interaction effects related
to PIM or depression severity subgroups were also found such that
participants with both elevated CRP and with PHQ-9-defined
moderate/severe depression had significantly stronger associa-
tions between depression severity and CRP (but not WBC). Our
findings greatly advance the evidence base identifying modera-
tors of PIM-depression associations, given that prior studies
implying such associations have often examined few moderators
in a given sample (e.g., <5), used selective cohorts (e.g., including
individuals with specific physical illness but not healthy indivi-
duals, precluding true moderation tests), examined only select
PIMs (e.g., CRP but not WBC), and/or examined moderating effects
on the association between PIMs and constructs peripherally
related to depression severity (e.g., stress), but not to depression
symptoms per se (see Supplementary Material S1). In sum, these
findings allow greater precision in identifying multilevel patient
characteristics that may be associated with either stronger or
weaker associations between PIMs-depression severity for both
WBC and CRP, allowing more nuanced approaches to identifying
patients who might respond to treatments targeting inflammatory
dysregulation in depression.

Neuropsychopharmacology (2022) 47:1693 -1701
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Strength of CRP-depression severity in subgroup based on the
moderator

Statin
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Fig. 1 CRP-depression associations by moderator. This figure displays effect sizes for CRP-depression associations (beta weights in linear
regression models with CRP as IV and PHQ-9 as the DV) in the subgroup with either higher levels of the moderator (e.g., participants with
moderator present or (for display purposes) with values of moderator > median of the moderator—in blue) and the subgroup with lower
levels of the moderator (e.g. participants with moderator absent or (for display purposes) with values of moderator < median of the
moderator—in orange). For instance, for antidepressant use, beta weights for logCRP were 0.39 in antidepressant users and approximately
0.17 in non-users of antidepressants when examining linear regression models with logCRP as the IV and PHQ-9 scores as the DV in these two
subgroups. Asterisks are provided by the moderator’s name in the bar graph for those with significant interaction effects (adjusted p < 0.05) as
described in Table 1. The bracketed numbers indicate the magnitude of difference between PIM-depression associations in the group with
higher levels of the moderator and the group with lower levels of the moderator, with highlighting of the moderator in orange done for those

with a magnitude difference of 2 or greater.

For our primary findings for moderators common to both CRP
and WBC, we identified that use of any prescription medication or
certain prescribed medications (antidepressants or statins) were
associated with greater PIM-depression severity relationships,
which is surprising given that certain antidepressants (e.g., certain
SSRIs) and certain statins have been associated with reductions in
PIMs (e.g., interleukin-6 or CRP) [30]. However, this might reflect
that in such patients, residual low-grade inflammation, due to
either a wider range of disease processes (e.g., physical diseases
requiring additional medication treatment) or sequalae of such
diseases, makes a particularly strong contribution to depression
(or vice versa). In the case of antidepressants, it could also be the
case that these medications are better equipped to reduce
depressive symptoms with discrete etiologies unrelated to WBC/
CRP, while leaving depression driven by PIMs relatively unre-
solved, thus enhancing associations between PIMs and depres-
sion. We also identified that patients with sleep concerns and poor
health status had stronger associations between depression
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severity and inflammatory processes, consistent with extant
studies noting effects of these factors which might potentially
contribute to immune system sensitization [31, 32].

We also found several PIM-specific moderators of PIM-
depression associations, emphasizing that moderators of these
relationships are complex and not uniform across types of PIMs.
For CRP specifically, NSAID use, less physical activity (both amount
and presence), greater obesity/BMI, higher HbA1c, older age,
greater poverty levels, and sleep disorders were linked to stronger
PIM-depression associations. Metabolic factors (greater obesity/
BMI and higher HbA1c) and less physical activity have been
hypothesized in theoretical models to synergistically contribute
(along with inflammatory dysregulation) to depressive symptoms
via neuronal neurotransmitter effects [33]. Similarly, poverty,
greater age, and sleep disorders may be associated with other
factors that might either sensitize the immune system or
depressive symptomology (e.g., health status, stress, adiposity-
related metabolites), while moderating effects of NSAID use may
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Strength of WBC-depression severity in subgroup based on the

moderator
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logWBC Beta Weight
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Fig. 2 WBC-depression associations by moderator. This figure displays effect sizes for WBC-depression associations (beta weights in linear
regression models with WBC as IV and PHQ-9 as the DV) in the subgroup with either higher levels of the moderator (e.g., participants with
moderator present or (for display purposes) with values of moderator > median of the moderator—in blue) and the subgroup with lower
levels of the moderator (e.g., participants with moderator absent or (for display purposes) with values of moderator < median of the
moderator—in orange). For instance, for antidepressant use, beta weights for logWBC were approximately 2.7 in antidepressant users and
approximately 0.76 in non-users of antidepressants when examining linear regression models with logWBC as the IV and PHQ-9 scores as the
DV in these two subgroups. Asterisks are provided by the moderator’s name in the bar graph for those with significant interaction effects
(adjusted p < 0.05) as described in Table 1. The bracketed numbers indicate the magnitude of difference between PIM-depression associations
in the group with higher levels of the moderator and the group with lower levels of the moderator, with highlighting of the moderator in

orange done for those with a magnitude difference of 2 or greater.

be related to physical illnesses requiring NSAID use that have
stronger associations between PIMs and depression severity
[34, 35]. For WBC specifically, SSRI use was linked to stronger
PIM-depression relationships, which may be for reasons as
described above for antidepressant use.

Of note, we found that CRP and WBC had different moderators
of the PIM-depression severity association, particularly with CRP
having several cardiometabolic and stress-related moderators
(greater obesity/BMI, higher HbA1c, and sleep disorders). These
differences may be because CRP itself is thought to play a strong
role in worsening of stress/metabolic conditions (compared to
WBC which may not be as closely linked [36]), and thus CRP
elevations in the context of these stress/cardiometabolic condi-
tions may play a particularly large contribution to such conditions.
Notably, CRP and WBC reflect a different set of biological
processes, as CRP is an acute phase protein released by the liver
in response to factors (prominently interleukin-6) released by
immune cells and adipocytes while WBC is an index of circulating
cells in blood released from the bone marrow or blood vessel
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walls in response to a broad array of immune factors such as
colony-stimulating factors or chemoattractants [16, 37]. Consistent
with prior studies [16, 17], our results emphasize that while PIMs
have similarities in moderation effects, notable differences in
moderation effects between PIMs exist, warranting caution in
extrapolating results from one PIM to another or utilizing
“composite” PIM indices.

The racially diverse nature of our cohort allowed for well-powered
analysis of race/ethnicity moderator effects. It is important to
recognize that race/ethnic categories are not genetically defined
but rather are social constructs which are largely cumulative proxies
for societal factors that result in wide-reaching disparities (e.g.,
impacts of systemic racism; socioeconomic disparities, etc.) [21]. For
CRP (similar to reports in smaller analyses of NHANES [22]),
participants of non-Hispanic White race (as compared to all non-
White/Hispanic race/ethnicities, and to Black participants in particular)
had significantly stronger PIM-depression associations, with similar
findings for WBC, though participants with Mexican—American and
Other Hispanic race/ethnicity also had significantly weaker PIM-
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Table 2. Race/ethnicity as a moderator of PIM-depression severity associations.
- "
logCRP*PIM Interaction Term Statistics logV.VB'C PIM Interaction Term
Statistics
Moderator B | P | Pagj B | P | Pagj
Race/ethnicity (non-Hispanic White vs non-
White/Hispanic)
Non-Hispanic White | 0138 [ 0.007 [o0.017 1.008 | <0.001 | <0.001
Race/ethnicity (Categorical — reference non-
Hispanic White)
Mexican-American -0.09 0.229 0.301 -1.719 <0.001 | <0.001
Other Hispanic -0.185 | 0.044 0.072 -1.511 <0.001 | 0.002
Black -0.246 | <0.001 | 0.001 -0.8 0.004 0.015

Table describing moderation analysis for race/ethnicity using the interaction term of PIM*moderator and main effects of PIMs and moderator as IVs and PHQ-9
scores as the DV. Positive beta weights for interaction effect indicate that the association between the inflammatory marker and depression severity was
stronger in participants with the listed race/ethnicity. The categorical race/ethnicity variable reflects a dummy-coded variable which uses the White race/
ethnicity as a reference group and thus all contrasts reflect the listed race/ethnicity as compared to the White race/ethnicity group.

depression associations compared to participants of White race for
WBC. However, when examining individuals with PHQ-defined
moderate/severe depression, such moderation effects of race/
ethnicity appeared to be nonexistent or much weaker, suggesting
depressed patient cohorts might have more uniform PIM-depression
links across racial groups.

Our findings related to race/ethnicity emphasize the importance
of moderator and subgroup analyses, given that in individuals with
PHQ-defined moderate/severe depression, depressive symptoms
may simply contribute more significantly to PIM variability (extin-
guishing any effects related to race/ethnicity) given medium to large
reported effect associations between moderate/severe depression
and PIMs in meta-analyses [38], while in individuals without these
high level of depressive symptoms, other factors differing amongst
racial/ethnic groups (e.g., level of discrimination or socioeconomic
status) may contribute to PIM variability [39, 40]. Thus, research in
minoritized depressed populations might focus on health character-
istics that are linked to stronger PIM-depression associations. For
instance, if researchers observe positive effects of targeted
behavioral treatments towards obesity in minoritized populations,
they might then be able to utilize such behavioral treatments in
conjunction with anti-inflammatory treatments (e.g., infliximab) to
maximize effectiveness of such treatments to treat depressive
symptoms. However, further studies are required to fully understand
factors affecting PIMs levels and depressive symptoms in minoritized
groups. Importantly, given that such studies often use self-report
measures of depression, these studies would benefit from
thoroughly validating existing self-report depression measures in
minoritized groups, though preliminary studies suggest that certain
self-report measures such as the PHQ-9 are valid and reliable
amongst different racial/ethnic minority groups [41-43].

In regards to interaction effects related to PIM or depression
severity subgroups, we found that CRP-depression severity
relationships were stronger in participants with PHQ-defined
moderate/severe depression and also in participants with elevated
CRP levels (which did not occur for WBC-depression severity
relationships). Stronger CRP-depression severity association in
depressed patients or patients with elevated CRP is consistent
with existing theories of bidirectional interactions between PIMs
and depressive symptoms that may be present in patients with
moderate/severe depression [3].

On exploratory analysis solely examining participants with PHQ-
defined moderate/severe depression (n=1692), we found that
some moderator effects were similar to the primary results (e.g., SSRI
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use for WBC). However, certain moderator effects disappeared (e.g.,
BMI for CRP) while other moderator effects emerged (e.g., alcohol
use for WBC). Thus, a unique pattern of moderation effects may be
relevant to clinically depressed patients as compared to nonde-
pressed individuals. Future methodologically rigorous studies are
needed to examine the pattern of such moderator effects
specifically in patients with clinician-assessed major depressive
disorder to extend the clinical relevance of our findings.

Our findings advance the field by identifying individual-level
factors that are linked to stronger PIM-depression associations,
which allows more targeted assessment of potential mechanisms
related to PIM-depression associations and hones the focus on
inflammatory-related treatments that might target depressive
symptoms. Importantly, individual moderator relationships strongly
affected PIM-depression associations, given patients with certain
characteristics (e.g., taking SSRIs), as compared to patients without
those characteristics, had up to 4 times stronger PIM-depression
severity associations. If such moderator effects compounded, this
could lead to PIM-depression associations that could potentially be
much higher (e.g., up to 10+ times) for individuals with multiple
positive moderators (e.g., for CRP, individuals who had both
elevated BMI and were NSAID users). From a statistical standpoint,
these findings speak to the need to stratify analyses (or include
moderator or interaction effects related to PIM or depression
severity subgroups) in studies examining PIM-depression associa-
tions, given that solely covarying for variables might lead to biased
estimates in the presence of moderating effects. Similarly, exclusion
of participants based on moderators, grouping together of
subgroups (leading to reversal/disappearance of subgroup effects),
and smaller sample sizes may affect potential PIM-depression
associations (see Supplementary Material S15 for further discussion).

Yet, our analysis should be considered in the context of certain
limitations. Primarily, our measures of depression and certain
moderators (e.g., health status, substance use, medications) were
based on self-report and thus susceptible to biases that could
either overinflate or underestimate effect sizes. However, at least
some self-report measures (e.g., health status) have shown
moderate clinical concordance, and PHQ-9 scores are well-
validated with respect to clinician-assessed depression diagnosis
[24]. Given the multiple comparisons correction, our findings may
have been vulnerable to Type Il error. Lastly, we were unable to
account for potential associations that may be secondary to other
variables (e.g., genetic factors, unmeasured pathophysiological
factors, childhood trauma) or account for causal relationships
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Table 3. Moderation within the PHQ-defined moderate/severe depression cohort.
Moderator logCRP Interaction Term Statistics gg:?:;s ¢ logWBC Interaction Term Statistics (C:?)ll:(t):;s "
n | Std.B B P n Std. B B P

Antidepressant Use 1667 | -0.073 -0.144 | 0.433 | F+, D- 1683 0.157 1.357 0.086 | F+, D-
NSAID Use 1667 | -0.055 -0.144 | 0.603 | F+, D- 1683 0.079 0.909 0.403 | F+, D-
Statin Use 1667 | -0.122 -0.281 | 0.249 | F+, D- 1683 -0.102 -1.024 0.288 | F+, D-
Prescription Opiate Use 1667 | -0.172 -0.488 0.09 | F-, D- 1683 -0.025 -0.306 0.781 | F-, D-
SSRI Use 1667 | -0.151 -0.35 0.11 | F+, D- 1683 0.29 2.938 0.002 | F+, D+
Smoking (present) 923 | -0.057 -0.106 | 0.673 | F-, D- 935 -0.028 -0.229 0.831 | F-,D-
Physical Activity (present) 1446 0.147 0.291 | 0.126 | F-, D- 1461 0.147 1.276 0.146 | F-,D-
Aspirin Use 410 0.229 0.437 | 0.288 | F-, D- 421 0.04 0.335 0.83 | F+,D-
Obesity 1647 | -0.112 -0.204 | 0.307 | F+, D- 1663 -0.131 -1.051 0.16 | F-,D-
Sleep Disorder (present) 1022 0.05 0.115 | 0.644 | F+, D- 1024 0.231 2312 0.035 | F-, D+
Sleep Concerns (present) 1666 0.011 0.019 | 0.907 | F+,D- 1682 0.077 0.614 0.396 | F+, D-
OCP Use 249 | -0.148 -0.463 | 0.502 | F-, D- 252 -0.065 -0.888 0.781 | F-, D-
HBAIlc >6.5 1663 0.012 0.031 | 0917 | F-, D- 1677 -0.157 -1.841 0.1 | F-, D-
Education (>*HS) 1575 0.072 0.133 | 0.443 | F-, D- 1590 -0.029 -0.237 0.753 | F-,D-
Gender (Male) 1667 0.092 0.169 | 0.314 | F-, D- 1683 0.027 0.218 0.767 | F-,D-
Illicit Drug Use History 1166 0.094 0.181 | 0.406 | F+, D- 1171 0.09 0.766 0.418 | F-,D-
Prescription Drug Use 1666 | -0.053 -0.102 | 0.555 | F+,D- 1682 0.196 1.665 0.034 | F+, D+
Married/Cohabitating 1601 | -0.215 -0.389 | 0.023 | F-, D+ 1616 -0.104 -0.827 0.265 | F-, D-
Health Status 1667 0.226 0.219 | 0.009 | F+, D+ 1683 0.115 0.489 0.18 | F+, D-
Physical Activity (days/wk) 1446 0.05 0.019 | 0.614 | F-, D- 1461 0.108 0.182 0.323 | F-, D-
Alcohol Use (drinks/days) 808 0.182 0.084 | 0.262 | F-,D- 807 -0.409 -0.827 0.002 | F-, D+
BMI 1647 | -0.125 -0.016 | 0.213 | F+, D- 1663 -0.164 -0.091 0.07 | F-,D-
Smoking (cotinine) 1661 0.108 0.001 | 0.233 | F-, D- 1663 0.057 0.002 0.554 | F-,D-
Poverty Index 1502 | -0.091 -0.058 | 0.327 | F+,D- 1519 -0.18 -0.501 0.054 | F+,D-
Age 1667 | -0.037 -0.002 | 0.696 | F+, D- 1683 0.033 0.007 0.727 | F-,D-
Sedentary Time (minutes) 1429 0.208 0.001 0.043 | F+, D+ 1445 -0.098 -0.002 0.325 | F-, D-
HBAlc 1663 0.03 0.022 | 0.778 | F+, D- 1677 -0.124 -0.39 0.219 | F-, D-

Moderation analyses were conducted for both CRP and WBC within the PHQ-defined MDD cohort (n = 1692) to examine if a given moderator affected the
relationship between inflammatory marker and depression severity. Positive beta weights for interaction effect indicate that the association between the
inflammatory marker and depression severity was stronger in the group where the moderator was present (if dichotomous variable) or in participants for
whom the moderator was greater (if continuous variable). Unadjusted p values are presented given the exploratory nature of these analyses. The “Cohort
Comparison” column qualitatively details comparison of findings between the full cohort (n = 21,570) and the depressed cohort (n = 1692), with F+ indicating
significance of moderation effects in the full cohort, D+ indicating significant moderation effects in the depressed cohort, with F— and D— describing the lack
of significant moderation effects in those respective cohorts, with color coding provided for assistance in interpretation (red = present in full, absent in
depressed; blue = absent in full cohort, present in depressed, green = consistent direction between full and depressed). For the contrast between cohorts, we
used a threshold of unadjusted p < 0.05 to identify if moderator effects were significant.

between variables, which might be better explored in future
longitudinal studies (e.g., randomized controlled trials).

In summary, in our analysis of 21,570 participants in a racially
diverse community sample, we found several common positive
moderators (antidepressant use, statin use, sleep concerns,
prescription medication use, poor health status, non-Hispanic White
race/ethnicity) of PIM-depression severity associations for both WBC
and CRP, as well as several PIM-specific moderators. Our findings
emphasize that individuals with such participant characteristics (or
factors associated with these characteristics) have stronger coupling
of PIMs and depression severity, making them populations where
clinical assessment of low-grade PIMs and corresponding prescrip-
tion of treatments targeting inflammatory-related depression, when
present, may be particularly useful and warranted. Moreover,
identification of these patient-specific moderators can help refine
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studies examining pathophysiological underpinnings of depression
related to inflammatory dysregulation by shedding light on the
subgroups of individuals where the theoretical model of
inflammatory-related depression may be more vs. less applicable.
Guided by our cross-sectional findings, future studies probing causal
relationships could be designed to further identify the causal chains
linking moderators, PIMs, and depression symptoms.
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