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Abstract

A better understanding of the maturational correlates of inflammatory activity during adolescence
is needed to more appropriately study both normal and abnormal development. Inflammation is
the immune system’s first response to infection, injury, or psychological stress, and it has been
shown to be elevated in individuals with both physical and psychological conditions. This study
examined unique associations between (1) pubertal status and inflammatory biomarkers, and (2)
age and inflammatory biomarkers, and whether these relationships differed by sex in a diverse
sample of 155 adolescents (54.2% female, 45.8% male; Mage = 16.22) from a northeastern city in
the US. A more advanced pubertal status was uniquely associated with lower levels of tumor
necrosis factor alpha (TNF-a) and interleukin-8 (IL-8). Chronological age was uniquely
associated with lower IL-8 levels. The association between pubertal status and C-reactive protein
(CRP) levels differed by sex: more mature females had higher CRP, whereas pubertal status and
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CRP were not significantly associated in males. These findings highlight an important relation
between pubertal development and inflammatory activity during adolescence.
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Introduction

Adolescence is broadly defined as the developmental period from the ages of 11 to 25 during
which youth must meet a host of developmental milestones, including physical, cognitive,
social, and emotional milestones (Curtis, 2015). Although many youth successfully achieve
these milestones, adolescence is also a vulnerable period for the emergence of physical and
psychological conditions that negatively impact normative development. Specifically, during
adolescence, rates of depression (e.g., Kessler, Avenevoli, & Merikangas, 2001), bipolar
disorder (Lewinsohn, Seeley, Buckley, & Klein, 2002), anxiety disorders (Merikangas et al.,
2010), eating disorders (e.g., Lewinsohn, Striegel-Moore, & Seeley, 2000), substance use
(e.g., Merikangas et al., 2010), and schizophrenia (e.g., Van Nimwegen, de Haan, van
Beveren, van den Brink, & Linszen, 2005) all increase. Rates of certain autoimmune
disorders (Beeson, 1994) and diabetes also increase in prevalence during this vulnerable
developmental period (Maahs, West, Lawrence, & Mayer-Davis, 2010). Understanding the
causes and correlates of this increase in physical and psychological conditions is essential to
identify youth at increased risk for these negative outcomes and offer prevention and
intervention efforts to promote normal development.

Developmental research highlights the importance of understanding normal development in
order to inform our understanding of abnormal development and underscores the importance
of conceptualizing these outcomes as the result of an interaction between an individual and
the environmental context (Drabick & Kendall, 2010). This work has focused on a number
of biopsychosocial factors, including genetics, temperament, race, gender, early childhood
experiences, family structure and dynamics, socioeconomic status, cognitive abilities, and
peer relationships (Holmbeck, 2002). A critical developmental milestone is the pubertal
transition to adolescence (Holmbeck, 2002). During puberty, youth undergo significant
neuroendocrine changes that initiate sex-specific somatic maturation as well as a deepening
of gender-related differences in psychological development. Consequently, puberty results in
dramatic physical, cognitive, emotional, and social changes and has long been identified as
an important transition stage in the etiology of a variety of physical and psychological
conditions (Curtis, 2015). In order to adequately investigate the way that pubertally-induced
changes interact with environmental factors to confer risk or resilience for negative
outcomes, the field needs a better understanding of the way pubertal processes influence
other biological systems and, in turn, the individual. The current study aimed to elucidate the
relation between pubertal development and inflammatory physiology during adolescence.
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Pubertal Status and Physical and Psychological Conditions

There is evidence that pubertal status, or the degree of physical maturation at the time of
observation, predicts psychological and physical health outcomes. Pubertal status
differentially predicted the incidence of depression in boys and girls beyond the effect of age
(Angold, Costello, & Worthman, 1998). In another study, advanced pubertal status was
associated with more depressive symptoms, although only among females (Hayward, Gotlib,
Schraedley, & Litt, 1999), and there is some evidence that this association can be explained
by increases in reproductive hormones (Angold, Costello, Erkanli, & Worthman, 1999).
Similarly, pubertal status predicted social anxiety symptoms among girls (Deardorff,
Hayward, Wilson, Bryson, Hammer, & Agras, 2007) and anxiety symptoms increased
significantly after the onset of menarche in girls (Patton et al., 1996). Increases in incidence
of both eating disorders (Killen et al 1992) and substance use also are associated with a
more advanced pubertal stage (Patton, McMorris, Toumbourou, Hemphill, Donath, &
Catalano, 2004).

It also has been hypothesized that the maturational changes in certain immune responses
after puberty may precipitate the first onset of schizophrenia symptoms (e.g., Walker &
Bollini, 2002; Kinney et al., 2010). In addition, the prevalence of several autoimmune
conditions, including systemic lupus erythematosus, autoimmune thyroid conditions,
rheumatoid arthritis, and type 1 diabetes, all increase during the pubertal transition to
adolescence (Beeson, 1994). In sum, a change in immune functioning appears to be
associated with many physical and psychological conditions that increase in incidence
during adolescence.

Inflammation as a Potential Mechanism

Although there is empirical support for pubertal development as a potential cause of the
increase in psychological and physical conditions during adolescence, the mechanisms of
this association still are not clearly understood. One understudied potential mechanism is the
role of proinflammatory biomarkers, like interleukin-6 (IL-6), interleukin-8 (IL-8), and
tumor necrosis factor alpha (TNF-a.), and acute phase reactants like C-reactive protein
(CRP). Proinflammatory biomarkers are signaling proteins released by many different types
of cells and tissues to stimulate cellular functions as part of the immune response. The levels
of these proteins increase during infection or after trauma and also can communicate with
the brain about the health of the individual (Janeway, 1989). When the levels increase
markedly, individuals evince “sickness behaviors,” like fatigue, loss of appetite, and a
reduced interest in rewarding activities (Dantzer & Kelley, 2007). It is thought that these
symptoms serve to help the individual conserve energy and enable a more effective response
to the infectious pathogen or injured tissue (Irwin & Cole, 2011). However, the levels of
proinflammatory biomarkers also can change in response to emotional challenges and social
stress (Kiecolt-Glaser, McGuire, Robles, & Glaser, 2002). Whereas chronic stressors often
suppress immune functioning, acute provocations can result in increased levels of several
proinflammatory biomarkers (Segerstrom & Miller, 2004).

Four biomarkers commonly studied in relation to psychological factors are CRP and IL-6,
IL-8, and TNF-a.. Each biomarker has different tissue origins and functions. For instance,
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IL-6 is a cytokine produced by white blood cells, as well as by fat and liver cells. IL-6 is
considered a pleiotropic cytokine, which means that it affects the activity of multiple cellular
systems and organs and has diverse actions throughout the body, including on the heart,
lungs, central nervous system, liver, gut, kidneys, and skeletal system. IL-6 also is involved
in the body’s acute phase response to a new infection or trauma, and the release of IL-6 can
be further stimulated by increases in cortisol after psychological stress (Van Snick, 1990).
Finally, in addition to its role in acute inflammatory responses, and stimulating the release of
CRP by the liver, IL-6 also plays an important role in the transition from acute to chronic
inflammation (Gabay, 2006). Another potent inflammatory cytokine is TNF-a. It is often
released quickly, and then because of its potency, the levels return to baseline within a few
hours. TNF-a can initiate the release of other cytokines, such as IL-6 and IL-8, and can
influence whether an immune response is more dominated by the production of antibody or
a cellular response (Streiter, Kunkel, & Bone, 1993). It also has an important a role
mediating homeostatic functions, like sleep, circadian rhythms, and appetite. Importantly,
both IL-6 and TNF-a can influence the neuroendocrine system, including both the
hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes
(Turnbull & Rivier, 1999). There are many other cytokines to potentially consider when
studying inflammatory physiology, but IL-8 frequently is selected because it is derived from
different cellular sources, including skin cells and other types of white blood cells, such as
monocytes/macrophages (types of white blood cells). Its biological activity is more
associated with a different leukocyte, the stimulation of the more primitive phagocytic
neutrophils (Remick, 2005).

When studying inflammatory cytokines, most studies also include an assessment of CRP, a
protein that is released from the liver as part of the acute-phase response to infection or
trauma. Acute increases in CRP levels often are used by physicians in clinical practice to
monitor for a recent bacterial or viral infection. CRP levels are commonly correlated with
the levels of IL-6 in the blood stream, especially in older, overweight individuals. Many
studies have found that CRP levels also are elevated in a number of psychiatric disorders,
including both depression and psychosis (Pepys & Hirschfield, 2003).

In light of evidence demonstrating increased inflammatory activity in response to
psychosocial stress, other research has focused on whether proinflammatory biomarkers can
be used as predictors of psychological outcomes and physical health problems (Kendall-
Tackett, 2009). Indeed, some individuals with mood and anxiety disorders (Goldsmith,
Rapaport, & Miller, 2016; Munkholm, Vinberg, & Kessing, 2013), schizophrenia
(Goldsmith et al., 2016), eating (Solmi et al., 2015) and substance use disorders (Cook,
1998; Fox et al., 2012) have elevated levels of a number of these proinflammatory
biomarkers in peripheral blood. These proteins also are involved in the pathophysiology of
disease, including diabetes and autoimmune conditions, but with levels that are not typically
as high as found in patients (Dandona, Aljada, & Bandyopadhyay, 2004; Moudgil &
Choubey, 2011).
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Puberty and Inflammation

Research on the effects of hormones on immune functioning also conveys that there is a link
between pubertal development and inflammatory physiology (Klein & Flanagan, 2016).
Reproductive hormones, including sex-typical ones such as estrogen and testosterone,
increase substantially during puberty (Shirtcliff, Dahl, & Pollack, 2009), and both are known
to influence immune responses and inflammatory pathways. Estrogen often is characterized
as being proinflammatory, whereas progesterone and testosterone are considered to be anti-
inflammatory (Cutolo & Wilder, 2000). Changes in these hormones during the peripubertal
transition also may influence the HPA-axis. Pubertal development results in sex-specific
changes to the HPA-axis, such that a more advanced pubertal status is associated with an
increase in cortisol reactivity and cortisol levels, particularly among females (Stroud,
Papandonatos, Williamson, & Dahl, 2011). Further, for both males and females, chronic
stress and increased secretion of cortisol can lead to higher levels of peripheral
proinflammatory cytokines (Hansel, Hong, Camara, & von Kanel, 2010). Generally, it is
hypothesized that larger changes in inflammation will be evident in females than males, but
there is still a need for empirical research such as the current study’s analysis to test
potential sex differences. The importance of hormones on inflammatory physiology and
immunity becomes especially evident during pregnancy, when the endocrine changes lead to
many immune alterations that are required to ensure that the mother’s immune system does
not reject the fetus and that increases in inflammatory physiology do not lead to a premature
birth (Elenkov & Chrousos, 2002). However, there has been limited research on pubertal
status and levels of proinflammatory biomarkers, and this body of work primarily has
investigated how the relation between inflammation and depression differs across pubertal
development (Mills, Scott, Wray, Cohen-Woods, & Baune, 2013). Therefore, the present
analyses address an important gap in our knowledge with regard to normative maturational
associations with inflammatory physiology in a community sample of healthy adolescents.

Sex Differences

It is important to note that many (but not all) of the physical and psychological conditions
that increase in prevalence during adolescence seem to occur more commonly in females
(e.g., depression, anxiety, and eating disorders and several autoimmune conditions; Bulik,
2002; Gater et al., 1998; Jacobson, Gange, Rose, & Graham, 1997; Lewinsohn, Gotlib,
Lewinsohn, Seeley, & Allen, 1998; Merikangas et al, 2010; Zahn-Waxler, Shirtcliff, &
Marceau, 2008). For example, females are 2-3 times as likely to meet criteria for Major
Depressive Disorder than males after age 13 (Hankin, Abramson, Moffitt, Silva, McGee, &
Angell, 1998), and females are estimated to be at 2.7 times greater risk for developing an
autoimmune disease than males (Jacobson et al., 1997). There also is evidence for a sexual
dimorphism in certain immune responses, with some studies finding that females mount
larger responses to infection than males (Verthelyi, 2001; Whitacre 2001). Conversely,
studies have found the cells of males are more reactive when stimulated with cell stimulants
in in vitro cultures (Casimir et al., 2010). However, both types of findings led us to
hypothesize that there would be sex differences in the maturational correlates of
inflammatory physiology across adolescence. More systematic knowledge is needed in order
to better understand why individuals or subgroups of individuals (i.e., females and males)
have a differential risk for negative outcomes.
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The Confounding Effect of Age

It also is important to consider the likely effect of chronological age on inflammation.
Although pubertal staging is highly correlated with age, there are likely to be intrinsic age-
associated changes within the immune system, which are not directly mediated by the
reproductive hormones. For example, it is known that the size and structure of a key
regulatory gland within the immune system, the thymus, changes markedly from childhood
to adolescence, and then, continues to undergo additional modifications in older adulthood
(Linton & Dorshkind, 2004). These changes contribute to age-related differences in immune
markers among adolescents (Rudy, Wilson, Durako, Moscicki, Muenz, & Douglas, 2002).
Further, the levels of several commonly studied inflammatory biomarkers in the blood are
related to age. Cytokines such as IL-6 are usually higher in older than younger adults (e.g.,
Cohen, Pieper, Harris, Rao, & Currie, 1997; Riancho, Zarrabeitia, Amado, Olmos, &
Gonzalez-Macias, 1994). Therefore, our analysis was designed to delineate the independent
influences of the participant’s age and pubertal stage on the levels of the four biomarkers in
circulation.

The Current Study

More systematic information is needed to better understand how inflammatory activity is
affected by pubertal maturation in adolescence. This knowledge can inform our
understanding about physiological processes that may contribute to the emergence of
physical and psychological problems during this critical developmental period. The primary
aim of this study was to determine whether pubertal status was significantly associated with
the levels of several proinflammatory biomarkers, above and beyond the association with
age. It was hypothesized that more advanced pubertal status would be associated with higher
levels, and that the associations would be stronger in female than male adolescents.

Methods

Participants

Participants were drawn from the Adolescent Cognition and Emotion (ACE) project at
Temple University, a large, public university located in an urban setting in the United States.
A community sample of 639 adolescents (aged 12—-13 years at baseline) and their mothers or
primary female caregivers were recruited from the Philadelphia area. Recruitment involved
both mailings and follow-up calls to families with children attending Philadelphia area
public and private middle schools (68% of the total sample) and advertisement in local
newspapers (32% of the sample). Inclusion criteria included sufficient competence with the
English language to complete the assessments. Additionally, adolescents had to identify as
either Caucasian/White, African American/Black, or biracial. Individuals who identified as
members of other racial or ethnic groups were excluded, as the investigation of differences
in the etiology of depression comparing Caucasian/White and African American/Black
youth was one of the aims of Project ACE. All demographic information was self-reported
during the first visit of the study. Exclusion criteria also included a history of severe
psychiatric illness or developmental disorders (see Alloy et al., 2012 for further
information). Informed written consent was obtained from mothers and written assent from
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adolescents at the first study visit. About four years after the start of data collection, a
supplementary grant allowed for the annual collection of blood samples to assay
proinflammatory biomarkers; 315 participants from the parent study completed at least one
blood draw.

The current sample consisted of a subsample of 155 adolescents (mean age at blood draw =
16.22; SD=1.52 years, range = 12.11-20.01 years) of the 315 who completed at least one
blood draw. The data used were drawn from their first annual blood draw (or only blood
draw if they only completed one). The final sample was 54.2% female, 42.6% Caucasian,
57.4% African American (see Tables la—c for descriptive statistics and Table 2 for a
correlation matrix of study variables). There were no differences between the analytic
sample and the rest of the parent study sample on sex (4639) = .19, p=.85), or SES ({610)
=1.31, p=.19), but the analytic sample was significantly more likely to be African
American ({634) = -2.04, p=.04). There were no differences between the analytic sample
and the rest of the sample that completed at least one blood draw on sex (£313) = -.52, p
=.60), race ({313) = .57, p=.56), or SES (#301) = .21, p=.84).

Pubertal Status.—The Pubertal Development Scale (PDS; Petersen, Crockett, Richards,
& Boxer, 1988) is a self-report questionnaire designed to assess pubertal development. Both
mothers and adolescents completed the five-item questionnaire, but only adolescent-report
was used in analyses (correlation between mother and adolescent report: = .84, p<.001).
The questions ask about growth in height, body hair, skin change, breast (females) or voice
(males) change, and facial hair (males) or menstruation (females). All questions aside from
menstruation are rated on a 4-point scale (1 = no development, 2 = development has barely
begun, 3 = development is definitely underway, 4 = development is complete). Menstruation
is scored as 1 = “I have not yet begun to menstruate” or 4 = “I have begun to menstruate”.
Item scores are averaged, and the scale yields a final score ranging from 1-4 (less to more
pubertally developed). The PDS has acceptable psychometric properties (average a. of .77
for five items) and good convergent validity (r% of .61-.67 with physician ratings) (Petersen
et al, 1988). The PDS has been shown to adequately capture variability in basal hormones
(Shirtcliff, Dahl, & Pollack, 2009). The PDS has been used in samples of older adolescents
(Kong et al., 2013) and demonstrated a correlation of r=.70 with observational measures of
pubertal development in a sample of high school students (Leon, Fulkerson, Perry, & Early-
Zald, 1995). Descriptive statistics for the PDS and a more detailed breakdown of the mean
and range of PDS score by age group in the sample is presented in Tables 1a—c. Internal
consistency in this sample was a = .58 for girls and a = .79 for boys.

Although pubertal timing was not a focus of the current study;, it is also included as an
independent variable in alternate models reported in this manuscript. Consistent with past
research assessing pubertal timing (Alloy, Hamilton, Hamlat, & Abramson, 2016; Dorn,
Dahl, Woodward, & Biro, 2006), timing scores were obtained by regressing PDS total score
on age. Timing scores were computed separately for males and females. The residual was
used as a continuous measure of pubertal timing.
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Inflammatory Biomarkers.—Three proinflammatory cytokines were quantified by multi-
cytokine array (IL-6, IL-8, and TNF-a.), and high-sensitivity CRP was determined in a
singleplex assay, using an electrochemiluminescence platform and a QuickPlex SQ 120
imager for analyte detection (Meso Scale Discovery, Gaithersburg, MD). Each specimen was
assayed in duplicate. The intra-assay coefficients of variation were 1.94 — 4.38%. Values
were calculated with respect to a standard curve generated from 7 calibrators with known
concentrations. The lower limit of detection (LLOD) for the cytokines was 0.1 pg/mL, with
a large dynamic range up to 2000 pg/mL. CRP is present in blood at higher concentrations,
and thus, plasma was diluted to correspond to the standard curve. The LLOD for CRP was
0.1 mg/L. Values below the LLOD were set at the LLOD. Values were converted to mg/L
units to be consistent with the clinical literature (Breen et al., 2011; Dabitao, Margolick,
Lopez, & Bream, 2011). These biomarkers were selected because they are some of the most
commonly studied inflammatory biomarkers in relation to adolescence and psychological
disorders (and many medical disorders).

Demographic Information.—Sex, race, birth date (for calculating age), and eligibility
for subsidized school lunch (a proxy for SES that accounts for number of individuals in the
household) were collected via self-report at Time 1 of the parent study. Immunomodulating
medication status, and diagnosis of an autoimmune disease, and diagnosis of any other
medication condition that could influence inflammation (e.g., diabetes, asthma, pregnancy,
bone fracture, asthma, or blood-clotting disorder) also were collected via self-report on the
day of the blood draw. One variable was computed for whether the person had any pertinent
medical condition that could affect inflammation (e.g., diabetes, autoimmune condition,
asthma).

The ongoing longitudinal Project ACE attempted to interview participants every six months.
After the start of the supplementary grant to collect blood samples, participants were
approached annually with the opportunity to complete an optional blood draw. The data used
in the current study are from participants’ first blood draw. If participants consented to
participate in the blood draw, blood was obtained via antecubital venipuncture by a certified
phlebotomist into a 10 mL vacutainer designed for freezing plasma separated from the cells
within the vial (BD Hemogard with K2 EDTA). Vacutainers were stored in an ultracold
freezer at —80 °C, and later thawed on the day of assay. Collection time for the blood draw
and participants’ body mass index (BMI) based on direct measurement of height and weight
were recorded.

Because the PDS was not given at every session in the study, the PDS closest to the date of
the blood draw was used. Only those PDS assessments that were completed within 70 days
of the time of the blood draw were used (M= 16.44 days, SD = 17.85 days). Ninety-four
cases were dropped due to missing data on the PDS. The PDS was completed on the same
date as the blood draw for 45.1% of cases. The date that the PDS was completed was within
one month of the date of the blood draw for 87.7% of participants and within 70 days of the
date of the blood draw for all participants.

J Youth Adolesc. Author manuscript; available in PMC 2021 July 01.
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Results

Preliminary Analyses

All analyses were run in Mplus (Muthén & Muthén, 2015). First, the distribution of each
proinflammatory biomarker was examined. Consistent with literature indicating that a CRP
value > 10 indicates a possible acute infection (Bell et al., 2017; De Ferranti, Gauvreau,
Ludwih, Newburger, & Rifai, 2006), all participants with a CRP value > 10 were removed.
All participants with IL-6, IL-8 and TNF-a values more than 3 standard deviations from the
mean also were removed; 66 total cases were removed due to extreme biomarker values.
After removing cases who didn’t have a PDS within 70 days of the blood draw and cases
who had extreme biomarker values, there were a total of 155 cases used in the present
analyses. Despite removing outliers, CRP, I1L-6, IL-8, and TNF-a were skewed (I1L-8:
skewness = 1.75, kurtosis = 3.10; TNF-a.: skewness = .51, kurtosis = .52; IL-6: skewness =
3.17, kurtosis = 14.26; CRP: skewness = 2.51, kurtosis = 6.80). Thus, a log transformation
was applied to the raw values (log(100*value)), resulting in skewness statistics that did not
violate the assumptions of normality (IL-8: skewness = .49, kurtosis = —.27; TNF-a.:
skewness = —.36, kurtosis = .31; IL-6: skewness = .42, kurtosis = .28; CRP: skewness =
-.10, kurtosis = —.37). Although the values for TNF-a did not violate established cutoffs for
skewness or kurtosis, it was log-transformed to be comparable to the other biomarkers, as
well as the extant literature. PDS values were normally distributed (skewness = -.71 and
kurtosis = .08).

Correlations between each inflammatory biomarker and several non-demographic potential
covariates previously reported to be associated with proinflammatory biomarkers were also
examined. The relationship between each biomarker and time of blood draw, diagnosis of
pertinent medical condition, use of immunomodulating medications®, race, and BMI were
tested. Variables that were correlated with a specific inflammatory biomarker were included
as covariates in the model predicting that biomarker. CRP was associated with BMI (r= .54,
p<.001), IL-6 was associated with BMI (r= .38, p< .001), IL-8 was associated with child
race (r=-.14, p=.08, BMI (r=-.14, p=.07), and pertinent medical condition diagnosis (r
=.17, p=.05), and TNF-a was associated with time of blood draw (r=-.16, p=.05) and
race (r=-.15, p=.07).

Differences in the levels of each inflammatory biomarker by sex, race, and SES were
investigated using independent samples t-tests. The levels of IL-6 were higher in females
than males (IL-6: {153) = -3.72, p< .001); the levels of TNF-a were higher in males than
females ({153) = 2.03, p=.045). However, there were no significant differences between
males and females in mean levels of CRP (#153) = -1.60, p=.11) or IL-8 (#153) = .15, p
=.88). There were no significant differences between individuals who identified as
Caucasian versus African American in mean CRP ({153) = -.49, p=.66) or IL-6 levels
(4(153) = -.94, p=.35), but African American participants tended to have lower levels of
TNF-a (4153) = 1.84, p=.07) and IL-8 ({153) = 1.77 p=.08). SES was not associated
with significant differences for any of the four inflammatory biomarkers (CRP: (4145) =
1.39, p=.11); IL-8: ((145) = .70, p= .48); IL-6: ({145) = .25, p= .81); TNF-a (£145)
=.71, p=.48)).
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Age was positively correlated with IL-6 (r=.19, p=.02) and CRP (r=.18, p=.02) and
negatively correlated with IL-8 levels (r=-.25, p=.002). A more advanced pubertal status
was significantly positively correlated with IL-6 (r=.20, p=.01) and age (r= .34, p<.001),
and significantly negatively correlated with IL-8 (r=-.21, p=.01) and TNF-a (r=-.27, p
=.001). BMI was significantly positively associated with CRP (r= .54, p<.001), IL-6 (r
=.38, p<.001), and PDS (r= .18, p=.03). Descriptive statistics and bivariate correlations
among primary study variables are presented in Tables 1a—c and 2, respectively.

Associations of Pubertal Status and Age with Proinflammatory Biomarkers

Linear regression models were run to examine associations of age and pubertal status with
each proinflammatory biomarker. Every model included days between the pubertal status
assessment and the blood draw as a covariate. In addition, each model controlled for
variables that were significantly associated with the dependent variable (inflammatory
biomarker). Finally, because the aim of the study was to examine the unique associations
between pubertal status and inflammatory biomarkers controlling for age, and age and
inflammatory biomarkers controlling for pubertal status, just one model predicting each
biomarker was conducted with pubertal status and age both entered as predictors, as well as
other relevant covariates. In addition, because sex was tested as a moderator of each
association, sex was not included as a covariate in the linear regression models. The linear
regression models testing pubertal status and age as predictors of each proinflammatory
marker are presented in Table 3.

After controlling for age and other variables associated with each biomarker, pubertal status
was negatively associated with TNF-a (B=-.27, SE= .02, p=.001) and marginally
negatively associated with IL-8 (B =-.15, SE = .04, p=.08). Pubertal status was not
significantly associated with CRP (B =.004, SE = .08, p=.96) or with IL-6 (B= .10, SE
=.04, p=.18).

There was a significant effect of age, such that age was negatively associated with IL-8 and
marginally positively associated with CRP (IL-8: B=-.20, SE=.01, p=.02; CRP: B=.12,
SE= .03, p=.098), but not IL-6 or TNF-a (IL-6: B= .11, SE= .02 p=.15; TNF-a: B

= .01, SE=.006, p=.86).

Pubertal Status x Sex Interactions

To evaluate whether these associations differed by sex, moderation analyses were conducted
to assess the Age X Sex interaction and Pubertal Status x Sex interaction for predicting each
biomarker. In each moderation analysis, covariates, main effects, and the interaction terms
were entered into the model. All predictors (pubertal status, age, and sex) were mean-
centered. To probe significant interactions, the independent variable’s relationship with the
dependent variable was plotted for males and females separately (Aiken & West, 1991).

The pubertal status x sex interaction was significant for CRP (Table 4; Figure 1; B=.13, SE
=.17, p=.04). Decomposition of the interaction revealed that the simple slope for boys was
not significant (6= -.05, SE =.09, p=.53); however, the association between pubertal
status and CRP was marginally significant for girls (6= .30, SE =.16, p=.07). There was
not a significant pubertal status x sex interaction predicting IL-6, TNF-a, or IL-8 levels (B
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=.11 SE=.09, p=.13; B=.000, SE=.04, p=.998; B=-.02, SE=.08, p= .84,
respectively).

The age x sex interaction did not predict any of the four inflammatory biomarkers
significantly (CRP: B= .11, SE= .06, p=.10; IL-6: B=-.08, SE=.03, p=.29; TNF-a: B
=-.12, SE=.01, p=.12; IL-8: B= .05, SE= .03, p=.54).

Alternate Model Analyses

Models testing whether pubertal timing, rather than pubertal status, predicted any of the four
biomarkers and whether these relations differed by sex also were run. Since the pubertal
timing variable was computed based on age at the time of the assessment, age was not
entered as a covariate in these models. Pubertal timing did not predict CRP (B= .04, SE
=.03, p=.55), IL-6 (B=-.001, SE=.02, p=.99), TNF-a (B=-.03, SE= .01, p=.71), or
IL-8 (B=-.13, SE=.02, p=.11). In addition, the pubertal timing x sex interaction did not
significantly predict any of the four biomarkers (CRP: B=-.05, SE= .07, p=.50; IL-6: B=
-.004, SE= .03, p=.96; TNF-a: B=.03, SE=.02, p=.67; IL-8: B=.01, SE= .03, p
=.91).

Additionally, models were run including all participants, regardless of when their PDS
assessment was completed (A=183). The mean number of days between the blood draw and
the PDS in this sample was -27.04 (SD = 101.36). The pattern of results was largely the
same as when these participants were excluded. However, when these participants were
included, pubertal status significantly predicted IL-6 (B= .15, SE=.04, p=.04).

Discussion

A comprehensive understanding of pubertal development is integral to the study of
adolescence and is relevant to identifying the processes that underlie the increase in negative
physical and psychological health outcomes in adolescents. Changes in inflammatory
physiology during the pubertal period may play a role, especially when considered in the
context of the emotional and stress-related volatility of adolescence. However, to date,
previous analyses have not attempted to delineate the specific contributions of pubertal
staging from chronological age on the levels of proinflammatory biomarkers in adolescents.

After controlling for age and several other variables that could influence each
proinflammatory biomarker, a more advanced pubertal status was uniquely associated with
lower levels of TNF-a and marginally associated with lower levels of IL-8 among both
females and males. The association of pubertal status with CRP was more selective and sex-
specific, with a more advanced pubertal status significantly associated with higher CRP
levels among females only. However, when controlling for pubertal status and other
variables that have been associated with each biomarker, older age marginally was
associated with higher CRP among both male and female adolescents. Participant age also
was significantly correlated with lower I1L-8 levels among both male and female adolescents.

These results are consistent with prior work suggesting that sex hormones, which increase
during puberty, can have an immunomodulatory effect on the immune system and
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inflammatory physiology (Corcoran. Meydani, Liechtenstein, Schaefer, Dillard, & Lamon-
Fava, 2010). Further, increases in the levels of CRP in the blood stream have been associated
with a number of psychological conditions, including depression that also increase in
prevalence after puberty (Beeson, 1994; Deardorff et al., 2007; Hayward et al., 1999; Kinney
et al., 2010; Patton et al., 2004). Therefore, the current findings are suggestive of a shared
mechanism or parallel processes that may contribute to the more common occurrence of
depression in adolescent females. However, the cross-sectional nature of our study, and the
lack of a diagnostic verification of depression precludes a more definitive statement, and this
hypothesis should be addressed with a prospective, longitudinal design.

Some of the findings differed from the generalization from prior literature that females
typically would have higher levels of inflammatory proteins in their blood and that this sex
difference would become more divergent with age during the pubertal period. The prior
literature indicates that sex-typical hormones, including estrogen, progesterone and
testosterone, have immunomodulatory effects. Specifically, estrogen often has been reported
to stimulate inflammatory responses, whereas progesterone and testosterone have been
described as largely anti-inflammatory (Cutolo & Wilder, 2000; DaSilva, 1995; Malkin et
al., 2004; Verthelyi, 2001). Therefore, we hypothesized that a more advanced pubertal status
would be associated with higher levels of proinflammatory biomarkers in females. However,
a more advanced pubertal status actually was associated with lower levels of two important
cytokines, TNF-a and IL-8. Although counter to expectations, the findings suggest a need
for a more nuanced understanding of the relationship among sex-typical development and
inflammatory physiology. For example, one other study of the cellular immune responses of
younger girls and boys found that the white blood cells of males released higher levels of
cytokines compared to females (Casimir et al., 2010). A study of older adults found that
testosterone was associated with lower TNF-a,, but not IL-6 or CRP. There also have been
several studies that have failed to find an effect of estrogen on TNF-a or IL-6, but CRP
levels were affected (dependent on other factors, such lipids; Corcoran et al., 2010). Finally,
one study found that IL-8 levels were higher in estrogen-deficient patients (Payne,
Reinhardt, Masada, DuBois, & Allison, 1993). Collectively, these findings indicate that
more research needs to be done to better understand the extent of the sex-related differences
in inflammatory physiology and immunity, especially during adolescence. Many of the
previous reviews may have over-generalized their conclusions from the immune changes
associated with pregnancy, when reproductive hormones are much higher than in women
during normal cycles. In addition, many of the experimental findings have been generated
from animal models that may show larger sex-specific differences than found in humans.

Additionally, pubertal status did not predict levels of IL-6. However, IL-6 concentrations
were significantly higher in females in this sample. It is possible that the nature of the
sample contributed to the lack of an effect. Specifically, the earliest stages of pubertal
development were not captured in this sample, and by virtue of girls starting puberty earlier
than boys (Abbassi, 1998), males in this sample were significantly less pubertally developed
than females. Perhaps this effect would be evident in the earlier stages of pubertal
development. It is critical to replicate the current findings using a younger, less developed
sample.
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In addition, African Americans have been shown to have higher levels of IL-6 and CRP than
Caucasian individuals, and this effect is particularly strong for women (Carroll et al., 2009;
Khera et al., 2005). However, in the current study, levels of IL-6 and CRP did not differ
between Caucasian and African American youth, and African American youth had
marginally lower levels of TNF-a and IL-8. It would be interesting to investigate whether
the pattern of results in the present study differs by race (and sex). However, we did not have
adequate power in the present study sample to test a three-way interaction or to split the
sample by race to appropriately interrogate this hypothesis.

Similarly, pubertal timing, rather than pubertal status, is a well-documented independent
predictor of many psychological disorders (e.g., mood and anxiety disorders; Graber,
Lewinsohn, Seeley, & Brooks-Gunn, 1997) and physical health disorders (Day, EIks,
Murray, Ong, & Perry, 2015). Therefore, we tested whether pubertal timing was associated
with the levels of proinflammatory biomarkers independent of pubertal status. We found that
pubertal timing did not predict any of the four biomarkers. However, at the time of the first
blood draw in this study, youth were 16 years old on average, which is well beyond the
average age that children now enter puberty. Consequently, there was reduced variation in
our measure of pubertal timing at the time of the blood draw, which could explain these null
findings.

It is important to interpret these findings in light of the limitations of the current study. First,
the lowest score on the PDS in the current sample was 1.80, meaning that the current sample
had already begun puberty, and we could not capture youth at the very early stages of
pubertal development. Although there was variation in pubertal stage at each age group in
the sample (Table 1c), this sample could not capture the full range of development, and it is
possible that youth of younger or older ages may show different patterns of associations
between pubertal development and proinflammatory biomarker concentrations. However,
this study is an important first step in elucidating pubertally-related associations with
proinflammatory concentrations in adolescents. Future work should aim to replicate these
findings in a sample that includes youth in earlier stages of development.

Second, this study was cross-sectional, so causality cannot be inferred from these findings.
However, these results demonstrate an association between pubertal status and
proinflammatory biomarkers independent of age that future work should investigate
longitudinally. Investigating within-person changes in pubertal development over time and
proinflammatory biomarkers could allow us to verify whether the observed variations in
inflammatory biomarkers in this study are, in fact, due to more advanced pubertal
development.

We also used a self-report measure of pubertal status, as opposed to a biological measure
such as hormone levels, so the mechanisms of the association cannot be inferred from the
current analyses. It is important to note that there is evidence that pubertal stage as assessed
by the PDS is correlated with hormone levels (Shirtcliff et al., 2009). However, this was not
tested directly. It is possible that increases in sex hormones in male and female adolescents
as they advance through puberty are responsible for changes in proinflammatory biomarkers,
especially in light of evidence that sex hormones have immunomodulatory effects (\Verthelyi,
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2001). Alternatively, pubertal development may induce changes in the HPA-axis and cortisol
levels (Stroud et al., 2011), which, in turn, may alter immune functioning and levels of
inflammation (Hansel et al., 2010). Future work should empirically test these hypotheses.

Relatedly, some of the PDS assessments used in the analyses were collected on a different
day than the day of the blood draw. About half of the sample completed their PDS on the
day of the blood draw, but some youth completed the measure as much as 70 days after the
blood draw. Consequently, youth may have actually been less pubertally developed on the
day of the blood draw. We accounted for this discrepancy by controlling for the number of
days between the PDS assessment and the blood draw. However, there is variability in the
amount of time it takes for youth to progress through puberty (Mendle, Harden, Brooks-
Gunn, & Graber, 2010). This is referred to as pubertal tempo, and pubertal tempo is linked
to mood-related disorders and symptoms (Mendle, 2014). Thus, it is possible that this
variability may have affected the results.

However, the current study also has a number of important strengths. It is the first study to
attempt to disentangle the independent associations of age and pubertal status with
concentrations of proinflammatory biomarkers among adolescents. Currently, there is a
dearth of literature on normative developmental factors associated with proinflammatory
markers among adolescents. The current study adds to our understanding of the pattern of
proinflammatory biomarkers among adolescents and whether this pattern varies as a
function of age or pubertal development. This knowledge is critical for the field, as it
highlights: 1) basic, much needed information about important correlates of peripheral
inflammation in adolescence; and 2) processes that may contribute to the increase in
physical and psychological disorders during adolescence. This knowledge also has important
methodological implications, as it suggests that future work investigating proinflammatory
biomarker levels in adolescents should account for variation due to pubertal status. Although
there are no direct implications for society from these findings, they could lead to new
research on adolescent development, which, in turn, could inform improved prevention and
intervention efforts to promote normal development during a vulnerable developmental
period. In addition, the study was conducted with a community sample that was diverse in
race and SES and included females and males across a wide age range, allowing these
results to be generalizable to many youth in the population.

Conclusion

The current study aimed to disentangle the independent associations of age and pubertal
status with inflammatory biomarker concentrations in youth and improve knowledge about
normative developmental correlates of inflammatory activity during adolescence. These
findings demonstrated that pubertal staging is uniquely associated with inflammatory
physiology above and beyond the effects of chronological age. The results indicate the need
to consider both participant age and pubertal maturation when investigating inflammatory
physiology in adolescents. Further, the sex-specific effect of pubertal stage on CRP levels
suggests that biomarker concentrations either may be a contributory factor or reflective of
the emergence of certain psychological conditions that also differ in expression during
adolescence. In addition, our findings on inflammatory biomarkers are consistent with
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clinical research that has documented that there are significant sex differences in the
prevalence of some inflammatory diseases that change before and after puberty. Further
work is needed to integrate the findings from the psychological and clinical literatures and to
elucidate the underlying biological mediators.
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Figure 1.

Decomposition of the interaction between pubertal status and sex predicting CRP (C-

Reactive Protein (log mg/DL)).
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Descriptive statistics of primary study variables overall and by sex.

Table 1a

Overall Sample Males Females
Mean SD Range Mean SD Range Mean SD Range

CRP 172 059 0.00-2.97 1.64 0.56 0.00-2.93 1.79 0.64 0.00-2.97

IL-8 252 024 2.04-3.14 2.52 0.26 2.05-3.14 251 0.23 2.04-3.12

IL-6 1.53 0.29 0.85-2.43 1447 025 0.85-2.01 1.607** 0.30 1.04-2.43
TNF-a 215 0.12 1.82-2.44 2.17* 0.12 1.82-2.44 2.13* 0.12 1.83-2.40

Age 16.22 147 12.11-20.01 16.20 141 12.96-19.39 16.23 1.61 12.11-20.01

PDS 331 0.56 1.80-4.00 299 052 1.80-4.00 358 040 2.20-4.00

Page 21

Note: CRP = C-reactive protein; IL-8 = interleukin-8; IL-6 = interleukin-6; TNF-a = tumor necrosis factor-alpha; PDS = Pubertal Development

Scale; SD =

.
£<.10,

Aok

p<.001.

standard deviation.
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Total N and percent of study sample in each pubertal stage and age range.

Table 1b

Overall Sample Males Females
Pubertal Stage N % N % N %
1 3 1.90% 3 4.20% 0 -

2 29 18.70% 24 3380% 5 6.00%
3 101  6520% 41 57.70% 60 71.40%
4 22 14.20% 420% 19 22.60%

Age Range N % N % N %
12.00-13.99 11 7.10% 5.60% 8.30%
14.00-15.99 62 40.00% 35 49.30% 27 32.10%
16.00-17.99 62 40.00% 24 33.80% 38 45.20%
18.00-20.01 20 1290% 8 11.30% 12 14.30%
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A breakdown of PDS means and ranges by age group in the sample.

Table 1c

Overall Sample PDS Males PDS Females PDS
Age Range Mean Range Mean Range Mean Range
12.00-13.99 2.85 1.80-3.80 215 1.80-2.80 3.26 2.20-3.80
14.00-15.99 3.19 1.80-4.00 291 1.80-4.00 355 2.40-4.00
16.00-17.99 3.32 2.20-4.00 3.18 2.20-4.00 3.60 2.40-4.00
18.00-20.01 3.57 2.60-4.00 323 260-3.80 3.80 3.20-4.00

Note: PDS = Pubertal Development Scale.
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Table 2

Bivariate correlations among primary study variables.

CRP  IL-8 IL6 TNF-a Age PDS Sex BMI
CRP -
IL-8  -0.16 -
IL-6 043" -0197 -
TNF-a -001 008 0.13 -
Age 018" 025" o019F 007 -
PDS 014 _921™ o020° -027 034 -
Sex 013 =001 29 _p16* 001 g5g* -
BMI  ss** 014 (3g** -008 012 qg** 010 -

Page 24

Note: CRP = C-reactive protein; IL-8 = interleukin-8; IL-6 = interleukin-6; TNF-a = tumor necrosis factor-alpha; PDS = Pubertal Development
Scale; BMI = Body Mass Index.

p<.05,

*:

A
p<.01;

Hok:

*
p<.001.
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Table 3

Linear regression analyses testing pubertal status and age as predictors of each pro-inflammatory biomarker.
Pubertal status and age are entered into the same model to evaluate their unique contribution to variance in
each pro-inflammatory biomarker.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

CRP
b B SE
Days Difference -.002 -0.07 0.002
BMI 005 gs3** 001
Pubertal Status 0.004 0.004 0.08
Age 0.05 012" 0.03
=31
IL-6
b B SE
Days Difference 0.000 0.08 0.001
BMI 002  ggg***  0.003
Pubertal Status 0.05 0.10 0.04
Age 0.02 0.11 0.02
=.18""
TNF-a
b B SE
Days Difference -0.001 -0.10 0.001
Time of BD -0.01 —0.18% 0.004
Race -005 _go1** 002
Pubertal Status -0.06 _go7** 0.02
Age 0.001 0.01 0.006
R=15""
IL-8
b B SE
Days Difference -0.001 -0.04 0.001
Race -009  _gq7* 0.04
BMI -0.003  -0.07 0.003
Pertinent Medical Condition -0.07 -0,10 0.05
Pubertal Status -007 5457 0.04
Age -003  _go0* 0.01
=147

Note: CRP = C-reactive protein; IL-8 = interleukin-8; IL-6 = interleukin-6; TNF-a = tumor necrosis factor-alpha; BMI = body mass index; BD =

blood draw; 6=unstandardized beta; B=standardized beta; SE = standard error.

+
p<10;

*
p<.05;
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Ak
p<.01;

Aok

p<.001.
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Table 4

Pubertal status x sex interaction predicting CRP.

b B SE

Days Difference -0.002  -0.06 0.002
Age 0.06 015~ 0.03

BMI 0.05 0.54%** 0.01
Pubertal Status -0.05 -0.05 0.09
Sex 0.13 0.11 0.09
Pubertal Status x Sex ~ 0.35 0.13% 0.17

Re= 347

Note: CRP = C-reactive protein; BMI = body mass index; b=unstandardized beta; B=standardized beta; SE = standard error.

*
p<.05;

*ok

p<.01;

Aok

*
p<.001.
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