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Abstract

Chronic, systemic inflammation is implicated in physical and mental health; little is known about
whether sex and racial differences detected in adulthood are observed during adolescence or about
normative changes occurring during adolescence. This longitudinal, United States-based study
examined four biomarkers of systemic inflammation [C-reactive protein (CRP), interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-a), and I1L-8) in 315 adolescents (51% female; 58%
black; baseline age = 16.49 years (SD = 1.56; range: 12.14-21.28)] at three timepoints. Notable
results included: general decline in inflammatory biomarkers in older adolescents, lower levels

of TNF-a/IL-8 in black adolescents, elevated CRP/IL-6 in females, and especially higher levels
of IL-6 in black, female adolescents. Implications are discussed, particularly the potential health
implications of elevated IL-6 in black females.
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Introduction

Inflammation is a process characterized by activation of both immune and non-immune cells
that are designed to protect the host system from pathogens (e.g., bacteria, viruses) and

to promote host tissue repair and recovery. The immune response typically persists for the
duration of the threat to the host and is accompanied by a range of “sickness behaviors”
(e.g., fatigue, somnolence, anhedonia) designed to conserve energy and increase the
likelihood of host survival. Chronic inflammation, however, is characterized by activation of
the immune system in the absence of threat (i.e., pathogens or injury) and is associated with
a breakdown in immune tolerance, impaired immune system functioning, and increased risk
for non-communicable diseases—in fact, 50% of all deaths are attributable to inflammation-
related diseases (Roth et al. 2018). Inflammation also is implicated in the etiology of mental
health conditions, such as depression (Mac Giollabhui et al. 2020b). Considerable evidence
exists that an array of endogenous (e.g., DNA damage, oxidative stress) and exogenous
(e.9., lifestyle-associated obesity, diet, stress) factors are associated with the emergence of
chronic inflammation (Furman et al. 2019). Moreover, there is strong evidence that levels of
inflammatory markers may vary systematically with demographic factors (O’Connor et al.
2009); however, considerably less is known about how the combination of demographic
characteristics affect risk of chronic inflammation, particularly early in development.

This study aims to examine whether the combination of sex and race is particularly
associated with chronic inflammation; for instance, do black females exhibit higher levels
of inflammation than white females as well as white and black men? An addition aim

is to investigate this question during a critical period of development, adolescence, and

to examine whether markers of chronic inflammation increase during adolescence more
generally.

There is particularly strong evidence that sex can affect inflammatory physiology (Klein
and Flanagan 2016). Females are more likely to be diagnosed with inflammatory diseases
than males (e.g., rheumatoid arthritis, lupus, Sjoregen’s) (Quintero et al. 2012) and
epidemiological studies have found that inflammatory biomarkers are consistently higher

in middle-aged and elderly adult females compared to males (Khera et al. 2005). In youth,
inflammatory biomarkers typically are elevated in females (Ford et al. 2003), although
contrary findings have been reported for Chinese (Wang et al. 2011) and Spanish (Warnberg
et al. 2006) adolescent males. The mechanisms accounting for higher levels of inflammation
in females are not fully understood. Both males and females exhibit comparable increases

in inflammation following exposure to a laboratory-based psychological stressor, suggesting
that sex differences in basal inflammation are not attributable to stress-reactivity (Steptoe et
al. 2007). Instead, it may be that sex differences in levels of inflammation are due to greater
exposure to risk factors (e.g., childhood adversity) that are themselves associated with
persistent, low-grade inflammation (Derry et al. 2015). There also is research suggesting
that increasing sex hormones during puberty (Carruba et al. 2003) or changes in the balance
of sympathetic and parasympathetic activity (O’Connor et al. 2007) may lead to elevated
inflammation in females. There is a burgeoning field of psychoneuroimmunology research
examining the relationship between inflammatory biomarkers and psychopathology during
adolescence, with many studies focusing on the possible roles played by low socioeconomic
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status, higher body mass, dysregulated sleep, stress, early childhood adversity, and
depression (Slavich 2020). Sex, however, is generally not a central construct of interest

in studies, and typically only is included as a covariate or examined in sensitivity analyses.
Further research is needed that considers how sex differences in inflammation may vary
systematically based on other demographic factors, and there is strong evidence that race
may, in fact, be one such factor.

Levels of inflammation also have been found to differ across racial and ethnic groups.
Biomarkers of systemic inflammation [C reactive protein (CRP) and interleukin 6 (1L-6)]
often have been reported as higher among black adults compared to white adults (Khera

et al. 2005). Outside of the United States, differences between black and white adults also
were found in South Africa and the United Kingdom (Evans and Goedecke 2011). The
degree to which socioeconomic disparities or race-related environmental stressors contribute
to racial/ethnic differences in inflammation is unclear and studies indicate that factors,
such as smoking status (Gruenewald et al. 2009) and discrimination (Brody et al. 2015),
may be implicated; however, race has been associated with inflammation independent of

a wide range of biological and behavioral factors (Khera et al. 2005). In addition, there

are a number of genetic factors, including both allelic variants and single nucleotide
polymorphisms, that can affect cytokine synthesis and release, and it is known that their
prevalence vary across populations (Ness et al. 2004). Importantly, it is still not known
whether these effects of race are manifest similarly in females and males, and this question
is an area of active investigation. In adult samples, black women tend to have higher levels
of CRP than both black and white men as well as white women (Khera et al. 2005).
Importantly, this pattern of results has been replicated over time (Farmer et al. 2020).
Similarly, a separate study found that being female and belonging to a minority group (e.g.,
black or Hispanic) synergistically predicted higher levels of circulating CRP, both in young
and middle aged adults (Richman 2017). Although there is some evidence that both female
sex and minority race are associated with elevated inflammatory biomarkers, considerably
less is known about when during development these differences emerge.

The majority of studies examining chronic inflammation and negative health outcomes have
been conducted in middle-aged (Green et al. 2009) and elderly adult samples (Kabagambe et
al. 2011), and there is a considerable, and rapidly growing, literature examining a wide range
of factors driving changes in inflammation during adolescence (Brenhouse and Schwarz
2016). These factors include developmental [e.g., onset of puberty (Stumper et al. 2020)],
psychological [e.g., depression (Moriarity et al. 2019), stress (Kautz et al. 2019)], behavioral
[e.g., diet (Oddy et al. 2018), physical activity (Warnberg et al. 2007)], and environmental
factors [e.g., socioeconomic status (SES) (Muscatell et al. 2018)]. Considerably less is
known about whether and when inflammation increases during adolescence. The existing
literature typically is based on cross-sectional data (Ford et al. 2003) or longitudinal data
examining transitions from childhood into adolescence and from adolescence into adulthood
where change typically is examined following long (i.e., 5-7 year) intervals (Slopen et

al. 2013). Given that inflammatory processes may disrupt neural development occurring
during adolescence, such as myelination and the maturation of frontal cortical areas, a better
understanding of whether chronic inflammation increases during adolescence is important.
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Current Study

The goal of the current study is to examine whether and how inflammatory biomarkers
change during adolescence and to test whether sex- and race-based differences observed

in adulthood also are detectable during adolescence. Specifically, the study investigated
whether inflammatory biomarkers changed over three annual assessments and whether sex-
and race-based differences in four inflammatory biomarkers commonly used in studies of
inflammatory physiology [CRP, IL-6, Tumor Necrosis Factor-alpha (TNF-a), and 1L-8]
could be observed after controlling for two important factors that vary according to sex
and race in the US: body mass index (BMI) and SES. The study hypothesized that
inflammatory biomarkers would increase over the three annual assessments (Hypothesis
1). The article also predicted that female sex would be associated with higher levels of
inflammatory biomarkers (Hypothesis 2) and that black adolescents would exhibit higher
levels of inflammatory biomarkers (Hypothesis 3). Finally, the article proposed that black
female adolescents would have the highest levels of inflammatory biomarkers (Hypothesis
4).

Methods

Participants

Participants in the current study were drawn from a prospective, longitudinal study

of adolescent-onset depression [Project Adolescent Cognition and Emotion (ACE)] in

the United States. Project ACE recruited a diverse, urban community sample of 642
adolescents aged 12-13 years who self-identified as white, black, or biracial (investigating
racial differences in depression was a goal of Project ACE) and their primary female
caregivers. Participants were excluded if they had insufficient English reading/speaking
skills to complete assessments or a psychotic, developmental, or learning disorder.
Approximately four years after initial enrollment, participants were invited to enroll in

a supplementary component of the study in which they would provide blood to assess
peripheral inflammation; 315 participants at an average age of 16.49 years (SD = 1.56;
range: 12.14-21.28) consented to one blood draw, with 231 participating in a second

blood draw at an average age of 17.67 years (SD = 1.59; range: 12.93-22.36), and 148

in a third blood draw at mean age of 18.38 years (SD = 1.55; range: 13.74-21.89). In
general, participants were included/excluded based on published guidelines (O’Connor et
al. 2009). The 315 participants contributed 926 blood samples, which declined to 299
participants with a baseline assessment and 864 observations once participants with relevant
medical conditions were removed (e.g., autoimmune disease, blood clotting disorder, etc.).
The sample was reduced further to 284 participants with a baseline assessment and 780
observations once participants with CRP values >10 (potentially indicative of an acute
infection) were removed. An additional eight observations were removed in which follow-up
occurred less than six months following prior assessment in order to examine observations
from approximately annual assessments. Thus, the final analytic sample at baseline included
284 participants with 772 observations provided across all assessments. Observations from
the fourth or subsequent assessments were not included due to a relatively small number

of observations (observations = 132) spread across four additional assessments; these
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observations were excluded because the study focused on developmental trajectories and
sought to estimate change occurring during a three-year window of development, rather than
examining simultaneously in one analysis (i) a participant observed at two occasions when
aged 15 and 16 years and (ii) a participant observed at five occasions when aged 17, 18, 19,
20, and 21. The final analytic sample included 640 observations. The analytic sample did
not differ from the complete ACE sample by sex; however, the sample was more likely to
include black individuals and persons who were of low SES at study baseline, as has been
previously reported (Mac Giollabhui et al. 2020c).

Inflammation—Four inflammatory biomarkers were selected that are linked consistently
with mental and physical health conditions and are known to play important roles in

the innate immune response, although the biomarkers used in this study differ in their
cellular and tissue origins, their functions, and unique associations with specific pathologies;
interested readers can read more about the dynamic and nuanced functions played by CRP/
IL-6 (Del Giudice and Gangestad 2018), TNF-a (Bradley 2008), and IL-8 (Remick 2005).
For example, IL-6 is pleiotropic and produced by many other cell types beyond white

blood cells, including hepatocytes, adipocytes and endothelial cells. In contrast, it is thought
that the majority of IL-8 in the blood stream is derived from the monocyte/macrophage
lineages and skin cells, with their primary action being to stimulate neutrophil recruitment
and activation. A certified phlebotomist drew 10 mL of blood via antecubital venipuncture.
Blood primarily was drawn in the late afternoon to control for diurnal variation and was
centrifuged to separate the plasma fraction (BD Hemogard with K2 EDTA) before it was
stored at —80 °C until the day of assay. Medication use, medical disorder status, time of

last meal, time of day, and participant’s BMI based on directly measured height and weight
were recorded at each blood draw. Cytokines were quantified by multi-cytokine array (IL-6,
IL-8 and TNF-a), and high-sensitivity CRP (CRP) was determined via singleplex assay
using an electrochemiluminescence platform and a QuickPlex SQ 120 imager for analyte
detection (Meso Scale Discovery, Gaithersburg, MD). The analytes were run in duplicate,
with intra-assay coefficients varying from 1.94-4.38%. Values were referenced to a standard
curve generated from seven calibrators with known concentrations. The lower limit of
detection for cytokines was 0.1 pg/mL, with a dynamic range up to 2000 pg/mL. However,
CRP is present in sera at higher concentrations, and thus, plasma was diluted to correspond
to the standard curve. Values were converted to mg/L units and were quantified down to 0.1
mg/L (Breen et al. 2011).

Body mass index—BM I was quantified as weight (kg), determined with an electronic
scale, divided by height (cm).

Demographics—Age, sex, and race were assessed via participant self report. SES was
assessed at baseline by either (i) maternal indication that the child received federally-
subsidized school lunch (receipt of free lunch assumed to indicate low SES) or (ii) family
income below $15,000. For sex, males were coded as zero and females as one. For SES,
low socioeconomic status was coded as one and all other categories were coded as zero.
Participants identifying as white were coded as zero and black as one.
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Participants in the ACE study completed two types of assessments. The first type

was a comprehensive assessment scheduled to occur annually. During comprehensive
assessments, participants and their mothers completed self-report questionnaires, behavioral
assessments, and semi-structured interviews. Shorter six-month assessments also were
scheduled in which participants completed measures of stressful life events in addition to
self-report questionnaires. Participants were invited to contribute blood specimens at annual
assessments and when assessments were missed, participants were invited to provide blood
at six-month assessments.

Data Analysis

Analyses were conducted in R 3.6.0 (R Core Team 2019) and multilevel models with
random intercepts and fixed slopes were estimated using packages Imer4 (Bates et al.

2015) and ImerTest (Kuznetsova et al. 2017). An advantage of multilevel models is that

it does not assume an equal number of observations in longitudinal data and consequently
can handle data generated by participants who attended different numbers of assessments
(Hox 2000). All inflammatory biomarkers were log-transformed (CRP/IL-6/TNF-a/IL-8)

to impose a normal distribution upon these outcome variables; estimates of skewness and
kurtosis (respectively) improved for all transformed variables and transformed values now
typically fell within an acceptable range [CRP (non-transformed: 2.32, 5.11; transformed:
-0.17, -0.021); IL-6 (non-transformed: 8.73, 100.18; transformed: 0.9, 1.83); TNF-a (hon-
transformed: 6.09, 67.1; transformed: —-0.11, 3.79); IL-8 (non-transformed: 6.6, 47.79;
transformed: 1.59, 3.87)]. Bivariate correlations were examined initially. In order to produce
accurate estimates for calculating statistical interactions, predictor variables were mean-
centered across analyses. BMI was z-scored so that unit increases could be easily interpreted
as an increase of a standard deviation. In both cross-sectional and longitudinal models, the
association of age and inflammatory biomarkers was estimated in isolation first (Model 1),
so that results may be compared with prior studies’ reported unadjusted associations. The
study examined the cross-sectional associations between inflammatory biomarkers and age,
sex, race, BMI, and SES within a multivariate regression framework.

Prospective analyses used a mixed-model linear regression framework with random
intercepts and fixed slopes. Random intercepts were selected because there was considerable
variability in the age of participants at baseline (SD = 1.56; range: 12.14-21.28) and
analyses sought to examine between-person change in inflammatory cytokines over a
three-year period. Assumptions of linearity were corroborated through visual inspection

of a random sample of 30 participants. For prospective analyses, age at baseline was mean-
centered and the time variable indicated (humber of years) since baseline assessment. Cross-
sectional and prospective analyses examined whether levels of inflammatory biomarkers
differed by age/time, sex, and race, while controlling for covariates. All regression
coefficients reported were standardized. Additionally for cross-sectional analyses, identical
models were tested following the introduction of an A*B interaction term testing whether
levels of inflammatory biomarkers differed (i) for females versus males at different ages

at baseline, (ii) for black versus white males and females, and (iii) for black and white
adolescents at different baseline ages. For prospective analyses, interaction terms were
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introduced to test whether trajectories of inflammatory biomarkers differed (i) by sex over
time, (ii) for black versus white males and females, and (iii) for black and white participants
over time. Although CRP values greater than 10 mg/L often are considered to be indicative
of an acute immune challenge, there is strong evidence that CRP values >10 mg/L are not
always indicative of acute infection/injury and, importantly, their removal may lead to biased
samples and results. Consequently, the current manuscript follows guidelines suggesting
publication of sensitivity analyses that replicate results where CRP values >10 mg/L are not
automatically removed (Mac Giollabhui 2020a).

Bivariate correlations and descriptive statistics for the main study variables are presented in
Table 1 for 284 participants at the first blood draw. Raw CRP values may be of interest to
readers and the means and standard deviations of raw CRP values are provided by sex and
race at each time point in Table 2. At baseline, of the 284 individuals included in the analytic
sample, 86.6% had CRP values less than 3 mg/L, 5.7% had values between 3 and 5 mg/L,
and 7.7% had values between 5 and 10 mg/L. Based on the full sample of 315 individuals at
baseline, 79.7% had CRP values less than 3 mg/L, 6.3% had values between 3 and 5 mg/L,
5.8% had values between 5 and 10 mg/L, and 7.6% had values greater than 10 mg/L.

At baseline, older participants had lower levels of IL-8. Females were more likely to have
higher circulating levels of CRP and IL-6. Participants identifying as black were more likely
to be of low SES and had lower levels of TNF-a and IL-8. Low SES was associated

with lower TNF-a, and higher BMI was associated with higher levels of CRP and IL-6.
Higher levels of 1L-6 were associated with higher levels of CRP and TNF-a. The univariate
associations between inflammatory biomarkers and baseline age are presented in Fig. 1.

Multivariate Cross-Sectional Models

Cross-sectional multivariate models predicting to inflammatory biomarkers are presented as
Model 1 and Model 2 in Table 3. In Model 1 in Table 3, older age was not associated with
higher CRP and IL-6 (although both associations were only slightly the above threshold

for significance) and was significantly associated with lower IL-8 (see Fig. 1). In the
multivariate model (Model 2), older age at baseline again was associated with lower levels
of IL-8. Being female and having higher BMI were associated with higher levels of CRP
and IL-6 in multivariate models. On the other hand, identifying as black was associated with
lower levels of TNF-a and IL-8.

At baseline, black females experienced higher levels of IL-6 compared to white females
(mean difference = 0.16, p= 0.003; see Fig. 2a) and both white (mean difference = 0.21, p
< 0.001) and black males (mean difference = 0.23, p< 0.001). Similarly, females who were
older had significantly higher levels of CRP (Female: -1 SD, 6= -0.02, p> 0.05; Mean, b
=0.17, p=0.009; +1 SD, 6= 0.35, p< 0.001; not depicted in a figure). Finally, older age
at baseline was associated with lower levels of IL-8 more strongly in white compared with
black adolescents (see Fig. 2b).
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Multivariate Prospective Models

Prospective multivariate models included observations from up to two subsequent blood
draws. The associations of baseline age and time with inflammatory biomarkers are
presented in Model 1, Table 4. Baseline age was associated with lower TNF-a and IL-8,
and time after baseline was associated with higher CRP and lower IL-6 and TNF-a. In
multivariate analyses (Model 2, Table 4), for every year participants aged after baseline,
their levels of IL-6 and TNF-a declined. Being female continued to predict higher levels of
IL-6 and CRP over time, but now also predicted lower levels of TNF-a.. Identifying as black
continued to predict lower levels of TNF-a and IL-8, and higher BMI was associated with
higher levels of CRP and IL-6.

Over time, black females continued to have differentially higher levels of IL-6 compared to
white females (mean difference = 0.12, p < 0.001), with both black females (mean difference
=0.21, p< 0.001) and white females (mean difference = 0.08, p = 0.02) experiencing higher
levels of IL-6 than in their male counterparts (see Fig. 2c). Although an interaction between
race and time was observed such that levels of IL-8 declined in whites more than blacks,
neither slope differed significantly from zero (white: 6= -0.02, p= 0.14; blacks: 6=0.02, p
= 0.14 (see Fig. 2d)).

Sensitivity Analyses

Traditionally, CRP values greater than 10 mg/L were believed to index acute rather than
chronic inflammation (i.e., the immune system is responding to illness or injury and

is temporarily elevated). There is growing evidence that CRP values greater than 10

mg/L are commonly observed outside of acute inflammation and associated with health
behaviors relevant to both physical and mental health (e.g., obesity, smoking). Consequently,
recommendations to report sensitivity analyses testing whether results are dependent upon
inclusion/exclusion of CRP values greater than 10 mg/L were followed (Mac Giollabhui
2020a). This broad pattern of results replicated when including participants with CRP values
greater than 10 mg/L. The results of all sensitivity regression analyses are presented in
Supplementary Tables 1 and 2.

Discussion

The immune system plays a crucial role in maintaining human health; however,
dysregulation of the immune system that is characterized by chronic, low-grade, systemic
inflammation is associated with negative physical and mental health outcomes. There is
considerable evidence that female and black individuals are more likely to exhibit elevated
inflammatory biomarkers indicative of chronic inflammation, but few studies have examined
whether the combination of being female and black is differentially associated with higher
inflammatory biomarker values. Moreover, no studies investigated this question during a
critical window of development, adolescence, where comparatively less is known about
precisely how inflammatory biomarkers change. This study investigated sex- and race-based
differences as well as developmental trajectories of inflammation, as indexed by peripheral
levels of four inflammatory biomarkers (CRP, IL-6, TNF-a., and IL-8), in a racially and
socioeconomically diverse sample of adolescents who were followed over three years.
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Three clear themes were evident in the results. First, consistent with findings in adults,
female adolescents experienced higher levels of CRP and IL-6 than males, and lower

levels of TNF-a and IL-8 were observable in black adolescents when compared to white
adolescents. Second, this study also provides support for the double-jeopardy hypothesis of
social disadvantage (that being black and female are two separate risk factors that compound
when a person possesses both), given that black females experienced consistently higher
levels of I1L-6 compared to their white female peers as well as their black and white male
counterparts. Finally, there was no clear pattern of results on how age related to circulating
levels of inflammatory cytokines; however, the balance of evidence suggested a pattern

of decline during later adolescence. Older adolescents exhibited lower levels of I1L-8 and
concentrations of two cytokines (IL-6 and TNF-a)) that play a central role in activation of the
innate immune system declined as adolescents aged.

This study found that female adolescents, aged 16.5 years, exhibited higher levels of both
CRP and IL-6, but not TNF-a or IL-8, compared to male adolescents; a pattern observed

at baseline and in subsequent assessments independent of both SES and BMI. These results
are in line with sex-based differences previously observed in both experimental (Eisenberger
et al. 2009) and observational studies (Lakoski et al. 2006) conducted in adults. These
findings also are consistent with increased levels of CRP observed in female adolescents,
aged approximately 16 years and older (Shanahan et al. 2013). Elevated levels of CRP/IL-6
also have been observed in girls aged 9 years (Khandaker et al. 2014). However, it should
be noted that some studies have reported higher levels of CRP in Chinese (Wang et al.
2011) and Spanish adolescent males (Warnberg et al. 2006). Although these findings do
not explain why females in a diverse urban sample of adolescents in the United States
exhibit higher levels of CRP/IL-6, they do suggest that the difference cannot simply be
attributed to socioeconomic status or body mass. It is unclear why increased levels of

two pro-inflammatory biomarkers, such as CRP and IL-6, are observed in female teens,

but not TNF-a or IL-8, but it may be due to the greater role that adipose tissue, which
typically is present in higher levels in females, plays in stimulating IL-6 compared to
TNF-a (Karastergiou et al. 2012). Adipose tissue is responsible for approximately 30%

of circulating IL-6, which leads directly to stimulation of CRP, but does not significantly
contribute to levels of circulating TNF-a (Mohamed-Ali et al. 1997). Other candidate
mechanisms include: sex hormones (Laaksonen et al. 2003) or greater female exposure to
risk factors (e.g., life stress) for elevated inflammation (Derry et al. 2015).

This study found that black females had significantly higher levels of IL-6 compared to their
white female peers as well as to both black and white male adolescents, independent of

the effects of SES, BMI, or age. This supports the double-jeopardy hypothesis that social
disadvantage, in this case to be both black and female, may compound to increase health
risks (Beal 2008). Elevated IL-6 among black females has been consistently observed in
previous studies in black women (Farmer et al. 2020; Wee et al. 2008). Inasmuch as a
similar vulnerability also has been observed in other groups of minority females (Richman
2017), this may indicate that specific environmental stressors, such as discrimination, may
play an important role (Brody et al. 2015). Given the long-standing racial disparities in
health outcomes in the United States and the association of inflammatory biomarkers
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with health outcomes, a better understanding of the mechanisms by which black females
experience higher levels of IL-6 is needed (Williams 2012).

Differences in circulating cytokines also were observed by race. Previously reported
elevations in CRP and IL-6 seen in black individuals were not detected in the current study
(Kelley-Hedgepeth et al. 2008). Failure to identify differences by race may indicate that
these differences do not emerge until adulthood or, alternatively, that the association of race
with IL-6/CRP largely is explained by “covariates”, such as BMI or SES, that are associated
with both race and inflammation in the United States. Indeed, BMI and/or SES may play a
causal or mediating role in the association between race and inflammatory biomarkers. In
fact, in prior studies, associations between race and inflammatory biomarkers are attenuated
substantially or entirely absent in samples that control for factors like body mass (Albert

et al. 2004). Alternatively, it may be that racial differences in CRP/IL-6 observed in prior
population-based studies are being driven by the higher levels observable in black women
(Khera et al. 2005).

This study found that black adolescents exhibited lower levels of both TNF-a and IL-8.
Although fewer studies have examined the association of race with TNF-a. and IL-8,
particularly in community samples, prior research also has indicated that whites have higher
levels of circulating TNF-a compared to blacks, with differences attributed to a range of
unknown genetic and environmental factors (Olson et al. 2012). Although this study does
not shed light on the underlying mechanism underpinning differences in TNF-a., it suggests
that such differences also are observable early in life. The precise functional impact that
lower levels of these biomarkers have on health is unclear, particularly given that both black
and older adolescents more generally exhibited lower levels of 1L-8 in this study. IL-8 is

a chemokine involved in directing immune cells to the site of inflammation that has been
implicated in structural brain changes (Ellman et al. 2010) as well as the onset of psychotic
(Ellman et al. 2010) in addition to externalizing symptoms (Mac Giollabhui et al. 2019).
Although a number of studies have examined the association of IL-8 with insulin resistance
and adiposity in youth, no comparative data were found examining IL-8 in a healthy sample
of adolescents (Tam et al. 2010). Additionally, given that there is substantial overlap and
redundancy in the chemokine system, it is possible that lower levels of IL-8 may not be
associated with any functional difference in immune functioning (Remick 2005).

Although older adolescents exhibited numerically higher levels of CRP and IL-6, they

did not meet criteria for statistical significance and, moreover, these associations were not
present once important factors, such as BMI, were included. Instead, in adjusted models,
older adolescents had lower IL-8 concentrations and, significantly, longitudinal analyses
indicated that there was a general decline in two acute-phase cytokines (IL-6 and TNF-a.) as
adolescents aged, although conversely CRP was observed to increase in univariate analyses.
When considered as a whole, these results are at odds with prior findings that CRP and
total leukocyte counts increase during adolescence, particularly late adolescence (Bartlett et
al. 1998). Instead, the current study supports prior work that older adolescents have lower
levels of several circulating cytokines (i.e., IL-2, IL-8, TNF-a) (Riis et al. 2014). It is
unclear whether discrepant results stem from differences in sample characteristics or reflect
the large number of variables influencing immune functioning (e.g., body mass, hormones,
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increasing salience of social rewards/threats, stress and coping, levels of substance use and
psychopathology) that are known to change during adolescence (Brenhouse and Schwarz
2016).

Although a central purpose of this study was to investigate sex- and race-based differences
in inflammation, it is important to note that the results presented here likely underestimate
such associations. For example, in the United States, there is considerable overlap between
race and important ‘confounds’, such as SES and BMI, that are independently associated
with elevated inflammation (Hero and Levy 2016). Consequently, when interpreting whether
differences in inflammation exist, removing the contribution of low socioeconomic status

to levels of inflammation in black adolescents or the contribution of body fat to levels of
inflammation in female adolescents, in whom it is generally higher, may misrepresent true
differences that can be observed in the population (Power and Schulkin 2008).

The current results should be considered in the context of the limitations of the study.

First, whereas a number of patterns of results were predicted, unexpected associations also
were observed. For example, although females experienced increased CRP and IL-6 in
longitudinal analyses, decreased TNF-a also was associated with being female. Whereas it
may be that increased levels of IL-6 inhibit release of TNF-a (Akira et al. 1990), there is
increasing agreement that circulating cytokines and chemokines have much more complex
and nuanced effects than simply exerting pro- or anti-inflammatory effects (including well-
known “pro-inflammatory” biomarkers such as IL-6) (Del Giudice and Gangestad 2018).
This inability to conclude that elevated inflammatory biomarkers index basal levels of innate
immune activation alone substantially tempers the ability to interpret the concentration

of a given inflammatory biomarker. Moreover, despite using a well-established panel of
inflammatory biomarkers, it is unclear the degree to which variability across values of
biomarkers is due to biological and behavioral factors or is due to the half-life and/or
tissue origins of the inflammatory biomarkers, which may contribute to discrepant results
frequently observed in psychoneuroimmunology (Marques-Vidal et al. 2011).

Future studies may benefit from utilizing new inflammatory biomarkers that may be

more stable and interpretable markers of chronic, low-grade inflammation, such as soluble
urokinase-type plasminogen activator receptor (SUPAR) (Rasmussen et al. 2019). Second,
assessment of inflammatory biomarkers in this study relied on non-fasting sera samples for
which there was some diurnal variability in terms of the time at which blood was drawn;
although significant confounds (e.g., medical conditions, indication of acute infection) were
addressed, it is likely this ‘noise’ somewhat reduced the ability to reliably measure basal
levels of circulating inflammatory biomarkers. To more fully understand how and whether
inflammatory biomarkers change based on age, sex, and race, there is still need for a
conclusive longitudinal study that recruits different age groups and follows them over time
to map the developmental trajectory of immune functioning while concurrently minimizing
variability due to sampling (e.g., fasting, diurnal variability). Third, although the study
relied on multiple assessments in a socioeconomically and racially diverse sample, there was
substantial attrition in the study and only 640 of a possible 852 sera samples were collected,
and thus, the possibility that systematic biases affected the results reported here cannot be
excluded. On the other hand, major strengths of this study included its longitudinal design,
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its capacity to control for vital confounds such as BMI and SES, and the ability to carefully
assess racial and sex interactions in a diverse adolescent sample.

Conclusion

Better understanding who is at risk for developing chronic inflammation is critically
important to identifying and potentially preventing physical and mental health conditions.
Despite a growing body of research investigating how inflammation is related to
psychopathology and a range of risk factors for psychopathology, there are notably few
studies of adolescents that examine normative changes in inflammatory biomarkers and
differences based on sex and race. The present study addressed this gap by examining four
inflammatory biomarkers in a socioeconomically and racially diverse sample of adolescent
males and females repeatedly over three years. Previously reported and widely replicated
sex differences in CRP and IL-6 in adults also were observed in the current study, although
racially-based differences in CRP/IL-6 were not. It is notable that black female adolescents
exhibited higher levels of an inflammatory biomarker (IL-6) that is consistently associated
with negative health outcomes. Relative elevation of this indicator of inflammation early in
life may contribute to the well-established disparities in health outcomes that differentially
affect black women in the United States. At the very least, it calls for further research to
investigate why black female youth are at greater risk for poorer health. The observation
of demographic differences across a panel of commonly used inflammatory biomarkers
highlights the importance of conceptualizing inflammatory processes within demographic
contexts so that potentially important sex- and race-based differences are not overlooked.

Supplementary Material

Funding

Biography

Refer to Web version on PubMed Central for supplementary material.

This research was supported by National Institute of Mental Health Grants MH079369 and MH101168 to L.A.,
National Institute of Mental Health Grants MH118545 and MH096478 to L.E., and National Institute of Mental
Health National Research Service Award F31MH118808 as well as an American Psychological Foundation
Visionary Grant to N.M.G. D.P.M. was supported by National Research Service Award F31MH122116.

Naoise Mac Giollabhui is a doctoral candidate in Temple University’s clinical psychology
program. He works in Dr. Alloy’s Mood and Cognition Lab at Temple University and is
interested in how cognitive biases and neuropsychological functioning differ in those who
have experienced depression. He also is interested in how immune functioning is implicated
in the etiology of depression, specifically if immune dysfunction is related to weaknesses in
neuropsychological functioning observed in depression.

Lauren B. Alloy is Laura H. Carnell Professor and Joseph Wolpe Distinguished Faculty
in the Department of Psychology at Temple University. She received her doctorate in
Experimental and Clinical Psychology from the University of Pennsylvania. Her major

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giollabhui et al.

Page 13

research interests include cognitive, psychosocial, developmental, and neurobiological
processes in the onset and course of depression and bipolar disorder.

Dominika Swistun is a research associate at the University of California, Los Angeles

and Greater Los Angeles VA Healthcare, where she conducts research related to insomnia
and sleep issues among women veterans. She also works as a clinician within the field

of behavioral medicine. She received her doctorate degree at the University of Wisconsin-
Madison with research interests centered around inflammatory processes and predisposition
to depression among vulnerable populations.

Christopher L. Coe is the W.B. Cannon Professor of Biopsychology at the University of
Wisconsin-Madison. He received his doctorate in the behavioral neurosciences at Downstate
Medical Center, SUNY. His research interests include the relationship between biomarkers
and health, with a focus on resilience and vulnerability at the beginning and end of the life
course, specifically the prenatal period and old age.

Lauren M. Ellman is an Associate Professor of Psychology at Temple University.

She received her doctorate in Clinical Psychology at the University of California-Los
Angeles. Her major research interests include neurodevelopmental risk factors, including
inflammation, for psychotic disorders (e.g., schizophrenia) and depression.

Daniel P. Moriarity is a doctoral student in Lauren B. Alloy’s Mood and Cognition Lab
at Temple University. His major research interests include how cognitive vulnerabilities
and inflammation interact to confer risk for mood disorder comorbidities, symptom-level
approaches to psychoneuroimmunology, and psychoneuroimmunology methodology.

Allison C. Stumper is a doctoral student in Lauren B. Alloy’s Mood and Cognition Lab at
Temple University. Her research interests include how biological and environmental factors
interact to confer risk for adolescent depression, with an emphasis on the role of biological
changes as a result of the pubertal transition.

Lyn Y. Abramson is the Sigmund Freud Professor of Psychology at the University of
Wisconsin-Madison. She received her doctorate in Clinical Psychology from the University
of Pennsylvania. Her major research interests include the developmental, cognitive,
motivational, and cultural determinants of information processing about the self and the
effects of early psychological, physical, and sexual maltreatment on the development of
cognitive styles and vulnerability to depression in adulthood.

References

Akira S, Hirano T, Taga T, & Kishimoto T (1990). Biology of multifunctional cytokines: IL 6 and
related molecules (IL 1 and TNF). The FASEB Journal, 4(11), 2860-2867. [PubMed: 2199284]

Albert MA, Glynn RJ, Buring J, & Ridker PM (2004). C-reactive protein levels among women of
various ethnic groups living in the United States (from the Women’s Health Study). The American
Journal of Cardiology, 93(10), 1238-1242. [PubMed: 15135696]

Bartlett JA, Schleifer SJ, Demetrikopoulos MK, Delaney BR, Shiflett SC, & Keller SE (1998).
Immune function in healthy adolescents. Clinical and Diagnostic Laboratory Immunology, 5(1),
105-113. [PubMed: 9455890]

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giollabhui et al.

Page 14

Bates D, Méchler M, Bolker B, & Walker S (2015). Fitting Linear Mixed-Effects Models Using Ime4.
Journal of Statistical Software, 67(1), 1-48. 10.18637/jss.v067.i01.

Beal FM (2008). Double jeopardy: to be black and female. Meridians: Feminism, Race,
Transnationalism, 8(2), 166-176.

Bradley J (2008). TNF-mediated inflammatory disease. The Journal of Pathology, 214(2), 149-160.
10.1002/path.2287. [PubMed: 18161752]

Breen EC, Reynolds SM, Cox C, Jacobson LP, Magpantay L, & Mulder CB, et al. (2011). Multisite
comparison of high-sensitivity multiplex cytokine assays. Clinical and Vaccine Immunology, 18(8),
1229-1242. 10.1128/CV1.05032-11. [PubMed: 21697338]

Brenhouse HC, & Schwarz JM (2016). Immunoadolescence: neuroimmune development and
adolescent behavior. Neuroscience and Biobehavioral Reviews, 70, 288-299. [PubMed: 27260127]

Brody GH, Yu T, Miller GE, & Chen E (2015). Discrimination, racial identity, and cytokine levels
among African—American adolescents. Journal of Adolescent Health, 56 (5), 496-501.

Carruba G, D’Agostino P, Miele M, Calabro M, Barbera C, & Bella GD, et al. (2003). Estrogen
regulates cytokine production and apoptosis in PMA-differentiated, macrophage-like U937 cells.
Journal of Cellular Biochemistry, 90(1), 187-196. [PubMed: 12938167]

Del Giudice M, & Gangestad SW (2018). Rethinking IL-6 and CRP: why they are more than
inflammatory biomarkers, and why it matters. Brain, Behavior, and Immunity, 70, 61-75.

Derry HM, Padin AC, Kuo JL, Hughes S, & Kiecolt-Glaser JK (2015). Sex differences in depression:
does inflammation play a role? Current Psychiatry Reports, 17, 78. 10.1007/s11920-015-0618-5.
[PubMed: 26272539]

Eisenberger NI, Inagaki TK, Rameson LT, Mashal NM, & Irwin MR (2009). An fMRI study of
cytokine-induced depressed mood and social pain: the role of sex differences. Neuroimage, 47(3),
881-890. [PubMed: 19376240]

Ellman LM, Deicken RF, Vinogradov S, Kremen WS, Poole JH, & Kern DM, et al. (2010).

Structural brain alterations in schizophrenia following fetal exposure to the inflammatory cytokine
interleukin-8. Schizophrenia Research, 121(1), 46-54. [PubMed: 20553865]

Evans J, & Goedecke JH (2011). Inflammation in relation to cardiovascular disease risk: comparison
of black and white women in the United States, United Kingdom, and South Africa. Current
Cardiovascular Risk Reports, 5(3), 223-229.

Farmer HR, Wray LA, Xian Y, Xu H, Pagidipati N, & Peterson ED, et al. (2020). Racial differences
in elevated C-reactive protein among US older adults. Journal of the American Geriatrics Society,
68(2), 362-369. [PubMed: 31633808]

Ford ES, Giles WH, Myers GL, Rifai N, Ridker PM, & Mannino DM (2003). C-reactive protein
concentration distribution among US children and young adults: findings from the National Health
and Nutrition Examination Survey, 1999-2000. Clinical Chemistry, 49(8), 1353-1357. [PubMed:
12881452]

Furman D, Campisi J, & Verdin E, et al. (2019). Chronic inflammation in the etiology of disease across
the life span. Nature Medicine, 25, 1822-1832. 10.1038/s41591-019-0675-0.

Green D, Foiles N, Chan C, Schreiner PJ, & Liu K (2009). Elevated fibrinogen levels and
subsequent subclinical atherosclerosis: the CARDIA study. Atherosclerosis, 202(2), 623-631.
10.1016/j.atherosclerosis.2008.05.039. [PubMed: 18602107]

Gruenewald TL, Cohen S, Matthews KA, Tracy R, & Seeman TE (2009). Association of
socioeconomic status with inflammation markers in black and white men and women in the
Coronary Artery Risk Development in Young Adults (CARDIA) study. Social Science and
Medicine, 69(3), 451-459. [PubMed: 19524346]

Hero RE, & Levy ME (2016). The racial structure of economic inequality in the United States:
understanding change and continuity in an era of “great divergence”. Social Science Quarterly,
97(3), 491-505. 10.1111/ssqu.12327.

Hox JJ (2000). Multilevel analyses of grouped and longitudinal data. In Little TD, Schnabel KU, &
Baumert J (Eds.), Modeling longitudinal and multilevel data: practical issues, applied approaches,
and specific examples (pp. 15-32). Mahwah, NJ: Lawrence Erlbaum Associates.

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giollabhui et al.

Page 15

Kabagambe EK, Judd SE, Howard VJ, Zakai NA, Jenny NS, & Hsieh M, et al. (2011). Inflammation
biomarkers and risk of all-cause mortality in the reasons for geographic and racial differences in
stroke cohort. American Journal of Epidemiology, 174(3), 284-292. [PubMed: 21685411]

Karastergiou K, Smith SR, Greenberg AS, & Fried SK (2012). Sex differences in human
adipose tissues—the biology of pear shape. Biology of Sex Differences, 3(1), 13-13.
10.1186/2042-6410-3-13. [PubMed: 22651247]

Kautz MM, Coe CL, McArthur BA, Mac Giollabhui N, Ellman LM, & Abramson LY, et al.

(2019). Longitudinal changes of inflammatory biomarkers moderate the relationship between
recent stressful life events and prospective symptoms of depression in a diverse sample of urban
adolescents. Brain, Behavior, and Immunity, 86, 43-52.

Kelley-Hedgepeth A, Lloyd-Jones DM, Colvin A, Matthews KA, Johnston J, & Sowers MR, et al.
(2008). Ethnic differences in C-reactive protein concentrations. Clinical Chemistry, 54 (6), 1027-
1037. [PubMed: 18403563]

Khandaker GM, Pearson RM, Zammit S, Lewis G, & Jones PB (2014). Association of serum
interleukin 6 and C-reactive protein in childhood with depression and psychosis in young adult
life: a population-based longitudinal study. JAMA Psychiatry, 71(10), 1121-1128. [PubMed:
25133871]

Khera A, McGuire DK, Murphy SA, Stanek HG, Das SR, & Vongpatanasin W, et al. (2005). Race
and gender differences in C-reactive protein levels. Journal of the American College of Cardiology,
46(3), 464-469. [PubMed: 16053959]

Klein SL, & Flanagan KL (2016). Sex differences in immune responses. Nature Reviews Immunology,
16(10), 626-638. 10.1038/nri.2016.90.

Kuznetsova A, Brockhoff PB, & Christensen RHB (2017). ImerTest package: tests in linear mixed
effects models. Journal of Statistical Software, 82(13), 1-26. 10.18637/jss.v082.i13.

Laaksonen DE, Niskanen L, Punnonen K, Nyyssonen K, Tuomainen T-P, & Salonen R, et al. (2003).
Sex hormones, inflammation and the metabolic syndrome: a population-based study. European
Journal of Endocrinology, 149(6), 601-608. [PubMed: 14641004]

Lakoski SG, Cushman M, Criqui M, Rundek T, Blumenthal RS, & D’Agostino RB Jr, et al. (2006).
Gender and C-reactive protein: data from the Multiethnic Study of Atherosclerosis (MESA)
cohort. American Heart Journal, 152(3), 593-598. [PubMed: 16923436]

Mac Giollabhui N, Breen EC, Murphy SK, Maxwell SD, Cohn BA, & Krigbaum NY, et al. (2019).
Maternal inflammation during pregnancy and offspring psychiatric symptoms in childhood: timing
and sex matter. Journal of Psychiatric Research, 111, 96-103. 10.1016/j.jpsychires.2019.01.009.
[PubMed: 30690329]

Mac Giollabhui N, Ellman LM, Coe CL, Byrne ML, Abramson LY, & Alloy LB (2020a). To exclude
or not to exclude: considerations and recommendations for C-reactive protein values higher than
10 mg/L. Brain, Behavior, and Immunity, 87, 898-900. 10.1016/j.bbi.2020.01.023.

Mac Giollabhui N, Ng TH, Ellman LM, & Alloy LB 2020b. The longitudinal associations of
inflammatory biomarkers and depression revisited: systematic review, meta-analysis, and meta-
regression. Molecular Psychiatry. 10.1038/s41380-020-00867-4.

Mac Giollabhui N, Swistun D, Murray S, Moriarity DP, Kautz MM, & Ellman LM, et al. (2020c).
Executive dysfunction in depression in adolescence: the role of inflammation and higher
body mass. Psychological Medicine, 50(4), 683-691. 10.1017/S0033291719000564. [PubMed:
30919789]

Marques-Vidal P, Bochud M, Bastardot F, Liischer T, Ferrero F, & Gaspoz J-M, et al. (2011). Levels
and determinants of inflammatory biomarkers in a Swiss population-based sample (CoLaus study).
PLoS ONE, 6(6), €21002. [PubMed: 21695270]

Mohamed-Ali V, Goodrick S, Rawesh A, Katz D, Miles J, & Yudkin J, et al. (1997). Subcutaneous
adipose tissue releases interleukin-6, but not tumor necrosis factor-a,, in vivo. The Journal of
Clinical Endocrinology & Metabolism, 82(12), 4196-4200. [PubMed: 9398739]

Moriarity DP, Mac Giollabhui N, Ellman LM, Klugman J, Coe CL, & Abramson LY, et al. (2019).
Inflammatory proteins predict change in depressive symptoms in male and female adolescents.
Clinical Psychological Science, 7(4), 754—767. [PubMed: 31341724]

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Giollabhui et al.

Page 16

Muscatell KA, Brosso SN, & Humphreys KL (2018). Socio-economic status and inflammation: a
meta-analysis. Molecular Psychiatry, 25(9), 1. 10.1038/s41380-018-0259-2.

Ness RB, Haggerty CL, Harger G, & Ferrell R (2004). Differential distribution of allelic variants
in cytokine genes among African Americans and White Americans. American Journal of
Epidemiology, 160(11), 1033-1038. [PubMed: 15561982]

O’Connor MF, Bower JE, Cho HJ, Creswell JD, Dimitrov S, & Hamby ME, et al. (2009). To assess,
to control, to exclude: effects of biobehavioral factors on circulating inflammatory markers. Brain,
Behavior, and Immunity, 23(7), 887-897. 10.1016/j.bbi.2009.04.005.

O’Connor M-F, Motivala SJ, Valladares EM, Olmstead R, & Irwin MR (2007). Sex differences in
monocyte expression of IL-6: role of autonomic mechanisms. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 293(1), R145-R151.

Oddy WH, Allen KL, Trapp GS, Ambrosini GL, Black LJ, & Huang R-C, et al. (2018). Dietary
patterns, body mass index and inflammation: pathways to depression and mental health problems
in adolescents. Brain, Behavior, and Immunity, 69, 428-439.

Olson NC, Callas PW, Hanley AJG, Festa A, Haffner SM, & Wagenknecht LE, et al. (2012).
Circulating levels of TNF-a are associated with impaired glucose tolerance, increased insulin
resistance, and ethnicity: the insulin resistance atherosclerosis study. The Journal of Clinical
Endocrinology & Metabolism, 97(3), 1032-1040. 10.1210/jc.2011-2155. [PubMed: 22238388]

Power ML, & Schulkin J (2008). Sex differences in fat storage, fat metabolism, and the health risks
from obesity: possible evolutionary origins. British Journal of Nutrition, 99(5), 931-940. 10.1017/
S0007114507853347.

Quintero OL, Amador-Patarroyo MJ, Montoya-Ortiz G, Rojas-Villarraga A, & Anaya J-M (2012).
Autoimmune disease and gender: plausible mechanisms for the female predominance of
autoimmunity. Journal of Autoimmunity, 38(2-3), J109-J119. [PubMed: 22079680]

R Core Team (2019). R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Rasmussen LJH, Moffitt TE, Eugen-Olsen J, Belsky DW, Danese A, & Harrington H, et al. (2019).
Cumulative childhood risk is associated with a new measure of chronic inflammation in adulthood.
Journal of Child Psychology and Psychiatry, 60(2), 199-208. 10.1111/jcpp.12928. [PubMed:
29741788]

Remick DG (2005). Interleukin-8. Critical Care Medicine, 33(12), S466-S467.
10.1097/01.Ccm.0000186783.34908.18. [PubMed: 16340423]

Richman AD (2017). Concurrent social disadvantages and chronic inflammation: the intersection
of race and ethnicity, gender, and socioeconomic status. Journal of Racial and Ethnic Health
Disparities, 5(4), 787-797. [PubMed: 28849408]

Riis JL, Out D, Dorn LD, Beal SJ, Denson LA, & Pabst S, et al. (2014). Salivary cytokines in
healthy adolescent girls: intercorrelations, stability, and associations with serum cytokines, age,
and pubertal stage. Developmental Psychobiology, 56(4), 797-811. [PubMed: 23868603]

Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, & Abbasi N, et al. (2018). Global, regional,
and national age-sex-specific mortality for 282 causes of death in 195 countries and territories,
1980-2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet,
392(10159), 1736-1788.

Shanahan L, Copeland WE, Worthman CM, Erkanli A, Angold A, & Costello EJ (2013).
Sex-differentiated changes in C-reactive protein from ages 9 to 21: the contributions of
BMI and physical/sexual maturation. Psychoneuroendocrinology, 38 (10), 2209-2217. 10.1016/
j.psyneuen.2013.04.010. [PubMed: 23711900]

Slavich GM (2020). Social safety theory: a biologically based evolutionary perspective on life stress,
health, and behavior. Annual Review of Clinical Psychology, 16(1), 265-295.

Slopen N, Kubzansky LD, McLaughlin KA, & Koenen KC (2013). Childhood adversity and
inflammatory processes in youth: a prospective study. Psychoneuroendocrinology, 38(2), 188-200.
10.1016/j.psyneuen.2012.05.013. [PubMed: 22727478]

Steptoe A, Hamer M, & Chida Y (2007). The effects of acute psychological stress on circulating
inflammatory factors in humans: a review and meta-analysis. Brain Behavior and Immunity, 21(7),
901-912. 10.1016/j.bbi.2007.03.011.

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Giollabhui et al.

Page 17

Stumper A, Moriarity DP, Coe CL, Ellman LM, Abramson LY, & Alloy LB (2020). Pubertal status and
age are differentially associated with inflammatory biomarkers in female and male adolescents.
Journal of Youth and Adolescence, 49(7), 1379-1392. 10.1007/s10964-019-01101-3. [PubMed:
31410721]

Tam CS, Garnett SP, Cowell CT, Heilbronn LK, Lee JW, & Wong M, et al. (2010). IL-6, IL-8 and
IL-10 levels in healthy weight and overweight children. Hormone Research in Paediatrics, 73(2),
128-134. [PubMed: 20190550]

Wang G, Christoffel KK, Brickman WJ, Hong X, Arguelles L, & Zhang S, et al. (2011). C-reactive
protein in adolescent twins: patterns and relationship to adiposity. The Journal of Clinical
Endocrinology & Metabolism, 96(10), 3226-3233. 10.1210/jc.2011-0590. [PubMed: 21832113]

Warnberg J, Nova E, Moreno LA, Romeo J, Mesana MI, & Ruiz JR, et al. (2006). Inflammatory
proteins are related to total and abdominal adiposity in a healthy adolescent population: the
AVENA Study. American Journal of Clinical Nutrition, 84(3), 505-512. 10.1093/ajcn/84.3.505.

Waérnberg J, Nova E, Romeo J, Moreno LA, Sjostrom M, & Marcos A (2007). Lifestyle-related
determinants of inflammation in adolescence. British Journal of Nutrition, 98(S1), S116-S120.

Wee CC, Mukamal KJ, Huang A, Davis RB, McCarthy EP, & Mittleman MA (2008). Obesity and
C-reactive protein levels among white, black, and hispanic US adults. Obesity, 16(4), 875-880.
[PubMed: 18379563]

Williams DR (2012). Miles to go before we sleep: racial inequities in health. Journal of Health and
Social Behavior, 53(3), 279-295. [PubMed: 22940811]

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Giollabhui et al. Page 18

Association of Log CRP and Age Association of Log IL6 and Age

3
4
S
D
A4 . . - . .
25 0.0 2's 50 25 0.0 25 50
Age (Mean-centered: 0 = 16.5 years Age (Mean-centered: 0 = 16.5 years
Association of Log TNF-a and Age Association of Log IL8 and Age
2.0- - . .
3.0- - .
I 25- . —
15- - i . 2
lé' . % 5
104 ° -
. 15-
8 1.0-
05- ! ! ! | ! | |
25 0.0 25 5.0 25 0.0 25 5.0
Age (Mean-centered: 0 = 16.5 years Age (Mean-centered: 0 = 16.5 years
Fig. 1.
Cross-sectional associations of baseline age with log-transformed CRP, IL-6, TNF-a, and
IL-8

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Giollabhui et al.

IL6 (Log-transformed)

07~

o
o

IL86 (Log-transformed)
°
o

0.4-

Page 19

A: IL6 by Sex and Race B: IL8 by Age and Race
3.0- — -
4 |
: 25- . —~
-
=3 . -
I b5
E
Race <2
-~ white E 20
-A- plack >
ac g
b =
15-
A
b 1.0
male Female 25 0.0 25 50
Sex Age (Mean-centered: 0 = 16.5 years
C: IL6 by Sex and Race D: IL8 by Time and Race
E 30- 3
&
25-
[ 3
E
Race £
- white  §2°
-A. black >
=
o
o =
z .
A
H 1.0-
Male Female 0 2 4 6
Sex Age (Mean-centered: 0 = 16.5 years

Fig. 2.
Cross-sectional (a + b) and prospective (c + d) interactions predicting to log-transformed

IL-6 and IL-8

J Youth Adolesc. Author manuscript; available in PMC 2022 February 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Giollabhui et al.

Bivariate correlations and descriptive statistics of study variables for participants at baseline (/= 284)

Table 1

Age Sex Race SES BMI CRP IL-6 TNF-a IL-8
Age -
Sex 0.01 -
Race 0.08 -0.04 -
SES 001  -0.02 (gg** -
BMI 0.09 0.10 0.05 0.03 -
CRP 011 19™** 002 -0.04 (g3*** -
IL-6 010 (o7*** 012 005 (33*** ug** -
TNF-a -004  -008 _g1g™* _013* -0.1 002 go** -
IL-8 -0.30 004 _g1** 001 -0.06 -0.03 -0.01 0.07 -
Mean 16.49 0.51 0.58 0.48 23.76 1.38 0.53 151 6.37
SD 1.56 0.50 0.49 0.50 5.85 1.98 0.88 0.68 14.43

Page 20

For inflammatory cytokines, the correlations represent log-transformations of the raw data. Means and standard deviations for the inflammatory
biomarkers represent untransformed values. Female sex is coded as one. Participants identifying as blacks were coded as one. Low socio-economic
status was coded as one

SES Socioeconomic status, BM/ Body Mass Index, CRP C reactive protein, /L Interleukin, 7AVF Tumor Necrosis Factor

*
p<0.05

ok
p<0.01

*okoA

< 0.001
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Table 3

Multivariate regression and interactive relationships at baseline (N = 284)

CRP IL-6 TNF-a IL-8
Model 1
Age (Mean-centered) 0112 0 101) -0.04 —0.30%**
Model 2
Age (Mean-centered)  0.06 0.05 -0.02  _g3p***

Sex (Mean-centered) g 14** go5*** -0.08 0.05

Race (Mean-centered)  0.03 0.11 —015% -016%
SES (Mean-centered)  -0.06 0.01 -0.07 0.05
BMI (z-score) 0.50 FAA 0.28 **% - -0.09 -0.04

Interactions

Sex*Age 0.16™** ns n.s n.s
Sex*Race n.s 0.14¥ ns n.s
Race*Age n.s ns n.s 013~

Interactions include variables specified in Model 1. Female sex is coded as one. Participants identifying as black were coded as one. Low
socio-economic status was coded as one

SES Socioeconomic status, BM/Body Mass Index, CRP C reactive protein, /L Interleukin, 7NVF Tumor Necrosis Factor
p<0.05
B
p<0.01
Ak
p<0.001
%.053

b= 0065
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Table 4

Multivariate random intercept linear regression using longitudinal data (V= 284, obs. = 640)

CRP IL-6 TNF-a IL-8

Model 1

Baseline Age (Mean-centered)  0.06 0.03 —0.10% —0.16¥**

Time 012" 009 -010™ 003
Model 2

Baseline Age (Mean-centered)  0.02 0.00 -0.07 —0.15%

Time 0.05 —014***  _p9*** —0.02

Sex (Mean-centered) 013™* 022"  _0.09* 0.01

Race (Mean-centered) -0.02 0.09 018" _0.16™*

SES (Mean-centered) -0.02 0.01 -0.01 0.06

BMI (z-score) 0467 032%* -0.02 -0.03
Interactions

Sex*Time n.s n.s n.s n.s

Sex*Race n.s 0.097% n.s n.s

Race*Time n.s n.s n.s 0.04%

Interactions include variables specified in Model 1. Female sex is coded as one. Participants identifying as black were coded as one. Low
socio-economic status was coded as one

SES Socioeconomic status, BM/ Body Mass Index, CRP C reactive protein, /L Interleukin, 7AVF Tumor Necrosis Factor

*
p<0.05

Aok

p<0.01

*koA

< 0.001
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