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Abstract

There is burgeoning interest in the ability to detect inflammatory markers in response to stress 

within naturally occurring social contexts and/or across multiple time points per day within 

individuals. Salivary collection is a less invasive process than current methods of blood collection 

and enables intensive naturalistic methodologies, such as those involving extensive repeated 

measures per day over time. Yet the reliability and validity of saliva-based to blood-based 

inflammatory biomarkers in response to stress remains unclear. We review and synthesize the 

published studies that have examined salivary markers of inflammation following exposure to an 

acute laboratory stressor. Results from each study are reviewed by analyte (IL-1β, TNF-α, IL-6, 

IL-2, IL-4, IL-10, IL-12, CRP) and stress type (social-cognitive and exercise-physical), after 

which methodological issues and limitations are addressed. Although the literature is limited, 

several inflammatory markers (including IL-1β, TNF-α, and IL-6) have been reliably determined 

from saliva and have increased significantly in response to stress across multiple studies, with 

effect sizes ranging from very small to very large. Although CRP from saliva has been associated 

with CRP in circulating blood more consistently than other biomarkers have been associated with 

their counterparts in blood, evidence demonstrating it reliably responds to acute stress is absent. 

Although the current literature is presently too limited to allow broad assertion that inflammatory 

biomarkers determined from saliva are valuable for examining acute stress responses, this review 

suggests that specific targets may be valid and highlights specific areas of need for future research.

Keywords

biomarkers; inflammation; cytokines; saliva; acute stress; psychological stress; exercise; 
ecological momentary assessment; methods

© 2014 Elsevier Inc. All rights reserved.

Corresponding author: Dr. Jennifer Graham-Engeland, Associate Professor, Department of Biobehavioral Health, 219 Biobehavioral 
Health Building, The Pennsylvania State University, University Park, PA 16802; jeg32@psu.edu, 814-863-1840.. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

Published in final edited form as:
Brain Behav Immun. 2015 February ; 0: 253–269. doi:10.1016/j.bbi.2014.08.008.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1. Introduction

Over the past decade, the relevance of inflammation in multiple health domains has become 

increasingly apparent. Although inflammatory processes are a critical aspect of immune 

function (Souëf et al., 2000), their dysregulation (e.g., chronically high levels or slow return 

to recovery following challenge) is associated with chronic inflammatory and autoimmune 

disease, as well as a wider range of deleterious outcomes (Miller et al., 2007; Miller et al., 

2009; Segerstrom, 2010). Psychological stress and emotional experiences can influence 

inflammatory responses directly through stimulation of the hypothalamic-pituitary-

adrenocortical (HPA) axis and the sympathetic-adrenal-medullary (SAM) system, or 

indirectly via eliciting dynamic changes in health behaviors (Cohen et al., 2007). In order to 

better understand the etiology, time course, and consequences of inflammatory processes 

and to develop better interventions, there is a need for new methods of assessing 

inflammation that can be conducted in ecological contexts, across time, and at multiple 

moments throughout the day. Neither the gold standard of obtaining inflammatory measures 

from venous puncture (drawing blood) nor the relatively new methods involving finger prick 

(blood spot; McDade et al., 2007) fully meet these needs. The recent advent of determining 

inflammation from saliva has opened the possibility of studying inflammatory processes in 

saliva in response to acute stressors. In spite of the promise of this approach, findings on 

salivary measures of inflammation have been inconsistent, and the evidence available is 

derived from a very diverse array of methodologies/protocols. A review of the studies 

conducted in this domain is needed to clarify the degree to which inflammatory processes 

can be reliably determined from saliva, how and with what timing these inflammatory 

biomarkers respond to stress, and what additional research is needed.

It is well established that exposure to acute laboratory stressors can influence inflammation; 

most of these studies, however, have assessed inflammation in serum or plasma (e.g., 

Altemus et al., 2001; Heesen et al., 2002; Heinz et al., 2003; Steptoe et al., 2001). A small 

number of empirical studies (n = 13; Campisi et al., 2012; Dugue et al., 1996; Filaire et al., 

2010; Groer et al., 2010; Ilardo et al., 2001; Izawa et al., 2013; Lester et al., 2010; Mahmood 

& Ibrahim, 2013; Mastrolonardo et al., 2007; Minetto et al., 2005; Minetto et al., 2007; Usui 

et al., 2012; Zefferino et al., 2006) have investigated markers of inflammation in saliva in 

response to an acute stressor, using a variety of specific analytes: interleukin (IL)-1β, tumor 

necrosis factor (TNF)-α, IL-6, IL-2, IL-4, IL-10, IL-12, and C-reactive protein (CRP). These 

studies have assessed different biomarkers, employed varying timelines and collection 

techniques, reported different detectability limits, and utilized different stressors. Thus, a 

narrative review of stress-induced inflammatory responses in saliva is needed to elucidate 

patterns in what has been found so far, as well as to highlight inconsistencies and knowledge 

gaps in the current literature.

An examination of studies assessing salivary inflammatory responses to stress may also 

identify and help illuminate some validity issues regarding the assessment of salivary 

inflammatory biomarkers. The degree to which saliva-based inflammatory markers 

correspond to blood-based markers is unclear in both a resting state and in response to 

stress. Although it is beyond the scope of the current paper to review all studies that have 
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examined the association between salivary and blood-derived inflammatory markers, we 

describe these associations in the small subset of the studies we review that have examined 

inflammatory responses to acute stress in both saliva and blood (Minetto et al., 2005; 

Minetto et al., 2007). Even if salivary markers of inflammation do not map clearly onto 

peripheral blood measures of inflammation, understanding if and how they increase with 

stress may shed further light on their utility in stress research. We also evaluate some of the 

broader methodological issues relevant to validating salivary inflammatory markers and 

provide a checklist of recommendations for future studies.

The inflammatory biomarkers included in this review represent those that have been 

examined in saliva and in response to stress. Although they serve multiple functions, IL-6, 

TNF-α, IL-1β, IL-2, and IL-12 have some pro-inflammatory actions (Hawkley et al., 2007; 

Ito et al., 2014; Watford et al., 2003), whereas IL-4 and IL-10 are typically considered anti-

inflammatory in nature (Kindt et al., 2006; Stoner et al., 2013). CRP, an acute phase protein, 

is well-accepted as an important marker of systemic inflammation (Du Clos, 2000). Only 

studies that measured one or more of these biomarkers in saliva are included in the primary 

review. Other biomarkers that can be determined from saliva but which are less relevant to 

inflammation will not be included in this review. For example, salivary alpha amylase 

(sAA), which appears to capture components of sympathetic nervous system activity (Nater 

et al., 2005), is not reviewed; its role in response to stress has been reviewed separately 

elsewhere (Granger et al., 2007). Studies measuring salivary immunoglobulin A (sIgA), 

which plays an important role in mucosal immunity (Tsujita & Morimoto, 1999), and 

neuroendocrine markers like chromogranin A (CgA; Kanamaru et al., 2006; Yamakoshi et 

al., 2009) are also not reviewed here; biomarkers such as sAA, sIgA, and CgA are relevant 

to inflammation in the sense that the endocrine and sympathetic nervous systems are 

connected to the immune system, but are not themselves direct measures of inflammation 

(Nater & Rohleder, 2009).

To summarize, this review is structured to provide information about which inflammatory 

biomarkers can be determined in saliva and how these markers respond to stress, with the 

goal of better understanding the utilization of these biomarkers in stress research. 

Specifically, the primary aim of this review is to answer the following two questions:

1) Can changes in inflammatory markers be detected in saliva in response to stress and, if 

so, which appear to respond most reliably?

2) What is the timing of salivary inflammatory biomarker change in response to stress and 

what are the appropriate assessment time points to best capture stress responses? An 

additional secondary aim is to enable close examination of factors that influence the 

detectability of salivary inflammatory biomarkers and their pattern of response to stress – 

such as salivary flow-rate, saliva collection and handling technique, oral health, hormonal 

and broad inflammatory confounds, sample size, behavioral and demographic factors, and 

assay technique – both in terms of interpreting the current literature and with an eye toward 

future research. These findings will be particularly relevant to research in naturalistic 

contexts with repeated administration, where traditional methods of sample collection (e.g., 

blood) are not feasible.
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2. Methods

2.1. Search criteria

The present review summarizes all published studies of which we are aware that have 

assessed salivary inflammatory biomarkers in response to an acute stressor in healthy adult 

populations. To find these articles, combinations of the search terms “stress,” “acute,” 

“saliva,” “salivary,” “cytokine,” “inflammation,” “CRP,” and “interleukin” were entered 

into the US National Library of Medicine National Institutes of Health (PubMed) database. 

Four of the 13 articles (Groer et al., 2010; Lester et al., 2010; Mastrolonardo et al., 2007; 

Zefferino et al., 2006) were found from these search terms, and the additional nine 

references (Campisi et al., 2012; Dugue et al., 1996; Filaire et al., 2010; Ilardo et al., 2001; 

Izawa et al., 2013; Mahmood & Ibrahim, 2013; Minetto et al., 2005; Minetto et al., 2007; 

Usui et al., 2012) were found from the references or related references of these first four 

articles.

2.2 Structure and organization of review

The review is organized by biomarker to best illustrate the manner in which each biomarker 

may relate to stress. Because the type of stressor likely affects the biological response, we 

further divided our review into two broad categorizations of stressor: social-cognitive 

stressors and exercise-physical stressors. The social-cognitive stressors included the Trier 

Social Stress Test (TSST), a commonly used laboratory stressor that involves a combination 

of mental arithmetic, speech-giving, and social threat (Kirschbaum et al., 1993). Other 

social-cognitive stressor paradigms included mental arithmetic alone, virtual reality 

situations, stressful work situations, and cognitively difficult tasks. The exercise-physical 

stressors included exposure to various types of exercise, competitive rafting, heat (sauna), 

and the cold pressor task (exposure of a foot or hand to ice water). Studies that examined 

immune responses in relation to chronic stress (e.g., caregiving) were not included, as 

chronic stress elicits different inflammatory responses than does acute stress (McEwen, 

1998), and such studies would not aid our goal of determining the feasibility of salivary 

diagnostics for the examination of acute stress responses.

At the start of each section, a brief overview of each biomarker’s immunological function 

and relation to health is provided. Study results are then reviewed, including sample 

characteristics, timeline of sampling (time points taken after the stressor are designated as 

the time after the completion of, not the start of, the stressor), and whether, when, and how 

each biomarker responded to stress. Table 1 is organized by study and provides a 

comprehensive review that includes information about sample characteristics, what was 

controlled, the sampling timeline, the stressor type, the sample collection and assay details, 

the results by biomarker, and study limitations. Following the review of specific studies, we 

provide a broad overview and synthesis covering the limitations of the summarized studies 

as well as important factors to take into consideration for future studies that utilize salivary 

markers of inflammation (Table 2).
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2.3 Effect sizes

Effect sizes (Hedge’s g) were computed for all significant repeated measures results and are 

reported in Table 1. Hedge’s g was computed according to published methods, by 

subtracting the mean of the baseline time point from the mean of the post-stressor time 

point(s) for each biomarker and dividing that number by the pooled standard deviation (root 

mean square of the two standard deviations) of the two time points (Hedges, 1981). The 

Hedge’s g statistic was used instead of the more conventional Cohen’s d statistic because it 

performs better with small sample sizes (Hedges, 1981). Of the 11 manuscripts reporting at 

least one significant result, six did not have sufficient information within the manuscripts to 

calculate effect sizes; the corresponding authors from these studies were contacted for more 

information, yielding enough information for the calculation of effect sizes of two more 

studies. Therefore, a total of seven studies had significant findings as well as sufficient 

information to calculate effect sizes. As these are within-subjects effect sizes, where values 

of greater than three can be obtained when mean differences are large and standard 

deviations are low, typical conventions for interpreting size of effect are less meaningful; the 

effect sizes reported in Table 1, however, are standardized and are useful for comparing 

results across studies (Dunlap et al., 1996; Morris & DeShon, 2002).

3. Results

3.1 Interleukin-1 Beta (IL-1β)

IL-1β is a pro-inflammatory cytokine and is produced by macrophages, microglia, non-

immune cells (including muscle cells), and B and T cells as part of the innate immune 

response(Dinarello, 2009; Kindt et al., 2006). It is an important player in the inflammatory 

cascade and promotes the release of both TNF-α and IL-6. In serum and plasma, IL-1β has 

been shown to increase in response to a Stroop and mirror tracing task (gene expression; 

Brydon et al., 2005), an oral presentation (Heinz et al., 2003), a TSST (Altemus et al., 2001; 

Bower et al., 2007), and a speech task (Ackerman et al., 1998). IL-1β is implicated in the 

development of autoimmune diseases (Dinarello, 2009), such as rheumatoid arthritis (RA) 

(McInnes & Schett, 2007), and appears to be a marker of clinical instability in patients with 

cardiovascular disease (Stoner et al., 2013). IL-1β is also involved in sleep onset and 

regulation (Clinton et al., 2011) as well as pain sensitivity (Hutchinson et al., 2008; Mika et 

al., 2013; Watkins & Maier, 2002) and elevated levels have been observed in individuals 

with depression (Raison et al., 2006).

3.1.1 Social-Cognitive Stressors and IL-1β—As part of a larger study of patients with 

and without psoriasis, Mastrolonardo et al. (2007) exposed 50 control participants without 

psoriasis (matched on age, oral contraceptive use, educational level, smoking use and 

gender; mean age 39.8 ± 10.6 years; 56% female, n = 28 women) to a 5 minute mental 

arithmetic stressor and a 5 minute Stroop color word naming stressor, a task where 

participants have to name the color of a color word (e.g., “blue”) that doesn’t match the 

color in which it is displayed. Salivary samples were collected immediately before the start 

of the stressors (after a 5 minute baseline relaxation period) and 10 minutes after the 

stressors ended. A significant group-by-time interaction (p < 0.01) was reported, with 

increased IL-1β levels following the stressor completion in healthy participants.
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Zefferino et al. (2006) measured salivary IL-1β in 30 policemen (mean age of 44.5 ± 5.8 

years; all males; average experience of 17.1 ±6.4 years) at the beginning (8:00am) and end 

(1:30pm) of a shift during a work day and during a vacation period at the same intervals. 

IL-1β concentrations were lower at the end of the work shift compared to at the beginning of 

the work shift during the work day period (p < 0.05), and there was a non-significant trend 

for IL-1β reduction during the vacation period compared to work shift period.

Mahmood and Ibrahim (2013) measured salivary IL-1β in 24 healthy dental students (50% 

female, n = 12) during three exam periods-- one month before mid-year exam, during the 

mid-year exam, and one month after the mid-year exam. All sessions occurred between 

8:00am and 12:00pm and were collected via passive drool. IL-1β levels were statistically 

higher during the mid-year exam period as compared to before and after the exam period (p 

< .01).

3.1.2 Exercise-Physical Stressors and IL-1β—Usui et al. (2012) exposed 10 

physically active participants (mean age 23 ± 3 years; all male) to a 60 minute exercise 

stressor of biking on a stationary bicycle (recumbent ergometer at 75 % V4 O2 max) and to 

a 60 minute resting control condition (reading or writing silently) on different days at least 

seven days apart (order was randomized). Saliva samples were taken immediately before, 

immediately after, as well as one hour (60 minutes), and two hours (120 minutes) after task 

completion. Levels of IL-1β significantly increased during the exercise stress session 

compared to the control resting session (p < .01), with levels highest immediately after the 

completion of the 60 minute stressor. Levels remained elevated at 60 minutes post-task 

completion (though significantly reduced from the above peak) and returned to baseline by 

120 minutes post-task completion.

Dugue et al. (1996) exposed 14 “subjectively healthy” participants (mean age 34.5 years; 

57% female, n = 8) to the heat of a sauna for 10 minutes (at 90°C with 40% humidity) and to 

a control resting condition on a different day (order was randomized). On the stressor day, 

saliva samples were taken after a 15 minute resting baseline period, which started at 6:30pm, 

and then immediately after the completion of the 10 minute sauna heat exposure. On the 

control day, saliva samples were taken after a 15 minute resting baseline period, which also 

started at 6:30pm, and then immediately after an additional 30 minute resting period. IL-1β 

levels showed a non-significant tendency to increase from baseline (pre-sauna) to post-sauna 

(p = .11).

Ilardo et al. (2001) exposed 30 participants (mean age 20.6 years; 33% female, n = 10) to 

control training sessions over the first two days of a three day period and to a one-hour 

competitive rafting competition (i.e., the stressor; one session on the 3rd day). Saliva 

samples were collected between 2:00-3:00pm at the first one-hour training session on day 1, 

between 10:00-11:00am at the second one-hour training session on day 2, and before (at 

3:00pm) and immediately after (at 4:00pm) completion of the one-hour competitive rafting 

session on day 3. To determine circadian rhythms, two saliva samples were also collected at 

8:00am & 6:00pm each day. There was a significant increase (p = .01) in IL-1β 

concentrations before and after the stressor (on day 3) but not after the control sessions (days 

1-2).
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3.2 Tumor Necrosis Factor-Alpha (TNF-α)

TNF-α is a pro-inflammatory cytokine produced by macrophages, natural killer (NK) cells, 

microglia, and other cell types (Kindt et al., 2006; Mika et al., 2013). It is an important 

player in the inflammatory cascade and promotes the release of both IL-1β and IL-6. It also 

plays a role in the acute phase response and systemic inflammation and is involved in the 

creation of new blood vessels, the regulation of cell differentiation, and programmed cell 

death (Kindt et al., 2006). In serum and plasma, TNF-− has been shown to increase in 

response to a TSST (Altemus et al., 2001; Bower et al., 2007), an anger-recall task (Suarez 

et al., 2006), a speech task (Ackerman et al., 1998), and mental arithmetic, Stroop, and 

public speech tasks (Heesen et al., 2002). Consistently high levels of TNF-α are often 

interpreted as evidence of dysregulation and have been shown to be related to a variety of 

chronic diseases, including Alzheimer’s disease (Minagar et al., 2002), major depression 

(Khairova et al., 2009; Tuglu et al., 2003), certain cancers (Balkwill, 2006), multiple 

sclerosis (Minagar et al., 2002), cardiovascular diseases (Cesari et al., 2003; Stoner et al., 

2013), and general frailty (Hubbard et al., 2009). TNF-α also plays a role in the activation of 

prostaglandins and other substances related to pain perception (Watkins & Maier, 2002) and 

is a primary mediator of chronic pain (Mika et al., 2013) as well as an important clinical 

indicator of inflammation in autoimmune diseases (Sfikakis, 2010). Changes in TNF-α have 

also been strongly associated with sleep onset and dysregulation (Clinton et al., 2011).

3.2.1 Social-Cognitive Stressors and TNF-α—Filaire et al. (2010) examined TNF-α 

responses of nine university professors (mean age 40.85 ± 2.45 years; 22% female, n = 2) 

after having them give a two hour university lecture (a presumptive stressor) and on a 

control day without the lecture stressor. On the lecture day, saliva samples were taken 

immediately before (10:00am) and after (12:00pm) the completion of the 2 hour lecture 

(stressor), as well as 120 minutes (2:00pm) and eight hours after completion (8:00pm). On 

the control day without the lecture, samples were taken at the same time points. TNF-α 

levels varied across time (p = 0.04) on lecture (stressor) days, with significantly higher 

concentrations 120 minutes after the lecture compared with pre-lecture levels, and a return 

to near baseline by 8 hours.

3.2.2 Exercise-Physical Stressors and TNF-α—Usui et al. (2012) exposed 

participants to a 60 minute exercise stressor (cycling on a stationary bicycle; recumbent 

ergometer at 75 % V4 O2 max) and to a resting control condition (reading or writing 

silently) on different days at least seven days apart (order was randomized) (for more 

detailed methods see above in IL-1β section, as well as Table 1). TNF-α levels significantly 

increased during the exercise stress session compared to the control resting session (p < .01), 

with levels highest immediately after the completion of the 60 minute stressor. Levels 

returned to near baseline by 120 minutes post-stressor.

Upon exposing 14 participants to the heat of a sauna for 10 minutes (at 90°C with 40% 

humidity) and to a control resting condition on a different day at the same time of day (order 

was randomized), Dugue and colleagues (1996; for more detailed methods see above in 

IL-1β section, as well as Table 1) found that immediately following exposure to sauna heat 
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there was a statistically significant increase in TNF-α among males (p < 0.05) but not 

among females.

3.3 Interleukin-6 (IL-6)

IL-6 is produced by a diverse range of cells, including T-cells, B-cells, macrophages, and 

microglia (Kindt et al., 2006; Mika et al., 2013). It serves as the primary signal for CRP 

release from the liver as part of the acute phase response and is also involved in inducing 

cell proliferation, differentiation and programmed cell death (Guzmán et al., 2010; Kindt et 

al., 2006). Although typically conceptualized as inflammatory within the context of 

psychological stress and depression, IL-6 possesses both pro- and anti-inflammatory 

properties (see Hawkley et al., 2007 for a review); an important example of the latter is in 

the context of physical exercise, where IL-6 can have anti-inflammatory effects on other 

cytokines, including TNF-a (Starkie et al., 2003; Woods et al., 2009). In serum and plasma, 

IL-6 has been shown to increase in response to a mental arithmetic task (Edwards et al., 

2006), the TSST (Bower et al., 2007; Rohleder et al., 2003; von Kanel et al., 2005), a Stroop 

and a mirror tracing task (Brydon et al., 2005; Brydon et al., 2004; Steptoe et al., 2002; 

Steptoe et al., 2001), an anger recall task (Suarez et al., 2006), speech tasks (Goebel et al., 

2000), and a 100 second cold pressor task (Roupe van der Voort et al., 2000). Like other 

pro-inflammatory cytokines, IL-6 is involved in the development and maintenance of auto-

immune and inflammatory diseases such as RA (Hirano et al., 1988), diabetes mellitus 

(Pradhan et al., 2001), multiple sclerosis (MS; Minagar et al., 2002), cardiovascular disease 

(Stoner et al., 2013), and human immunodeficiency virus infection/acquired 

immunodeficiency syndrome (HIV/AIDS; Breen et al., 1990). There is also a particularly 

strong body of research linking IL-6 with clinical depression (Raison et al., 2006). Like 

IL-1B and TNF-a, IL-6 also plays an important role in pain sensitivity (Mika et al., 2013; 

Watkins & Maier, 2002) as well as sleep and fatigue (Thomas et al., 2011).

3.3.1 Social-Cognitive Stressors and IL-6—Groer et al. (2010) studied 141 (mean age 

34.45 years; 19% female; n = 27) police officers with three or more years of experience. All 

officers initially completed a baseline (control) virtual reality scenario, where participants 

practiced moving (e.g., walking forward/backward, kneeling) based on instructions 

projected onto a wall. Officers were then randomly assigned to either a two minute virtual 

reality motorcycle chase or a six minute virtual reality workplace gun confrontation scenario 

(it was not reported whether these two scenarios were thought to be comparably stressful). 

Saliva samples were taken immediately after completion of the baseline scenario, and 

obtained again 10 and 30 minutes after the completion of the stressor scenarios. There were 

no significant differences in salivary biomarker levels between the two stressor scenarios at 

either time, and the authors thus combined the data from both scenarios for analysis 

purposes. Overall, there was high variability in IL-6, but levels did significantly increase at 

10 minutes after the completion of the stressor as compared to baseline in the workplace 

group.

Lester et al. (2010) measured salivary samples of immune function in 36 first year 

undergraduate students (females: age 20–35 years, males: age 21–22 years, 94% female, n = 

34) in an anatomy class during a non-exam and three exam periods. Saliva samples were 
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taken two weeks before their first exam period (baseline) and then within one hour prior to 

three anatomy practical exams, each scheduled between 12:30 pm and 1:00pm, 

approximately 3 weeks apart. IL-6 levels at exam 3 were significantly higher than baseline 

(p < 0.05), but there were no differences between comparisons of other given exams. 

Although not confirmed by the authors, it is possible that the third exam period was more 

stressful because it may have carried more weight and/or coincided with final exam periods.

Izawa et al. (2013) measured salivary samples of IL-6 in 50 healthy young adults (mean age 

21.2 ± 2.3 years; 22% female; n = 11) before and after exposure to the Trier Social Stress 

Test. All sessions occurred between 2:00pm and 7:30pm and samples were collected by 

means of the passive drool method after 10 minutes of resting baseline, after a 10 minute 

preparation period, after a 5 minute speech, after a 5 minute mental math task, and 10, 20, 

30, 45, and 60 minutes after the math task stressor ended. IL-6 levels were significantly 

higher than baseline immediately after (p < .01) and 10 (p < .01) and 20 minutes after (p < .

01) the completion of the TSST, with levels returning to near baseline 60 minutes after the 

completion of the TSST.

3.3.2 Exercise-Physical Stressors and IL-6—Upon exposing participants to both an 

exercise stressor of biking on a stationary bike (recumbent ergometer at 75% V4 O2 max) 

for 60 minutes and to a resting control condition (reading or writing silently) on a different 

day at least seven days apart (order was randomized) Usui and colleagues (2012; see above 

in IL-1β section and in Table 1 for more details) found that levels of IL-6 significantly 

increased during the exercise stress session compared to the control resting session (p < .01), 

with levels highest immediately after the completion of the 60 minute stressor. Levels 

remained elevated at 60 minutes post-task completion (though significantly reduced from 

the above peak) and returned to baseline by 120 minutes post-task completion.

In the sauna heat study by Dugue and colleagues (1996; see above in IL-1β section and in 

Table 1 for more details) salivary levels of IL-6 were only detectable in 60% of the samples 

analyzed; thus, no comparisons in IL-6 levels in response to stress in this study were 

reported.

Minetto et al. (2005) exposed seven athletes (“endurance-trained;” mean age 29.5 ± 8.0 

years; 43% female, n = 3) to a controlled bicycling activity (“spinning” exercise task) for 

three hours from 7:00-10:00pm. Ten additional athletes (two marathon runners, one 

triathlete, two rowers, two alpine skiers, two body builders, one volleyball player; mean age 

27.0 ± 6.9 years; all males) were exposed to a 15 minute warm-up cycling activity and then 

to a 15 minute isokinetic exercise task consisting of 160 maximal contractions of the knee 

on a Cybex 6000 device; the total exercise (spinning warm-up plus isokinetic exercise) was 

30 minutes. For the bicycling spinning activity, saliva samples were collected 15 and 5 

minutes before and then immediately after the completion of the 3 hour stationary cycling 

exercise task. For the isokinetic knee contraction activity, saliva samples were collected 

beginning at 4:00pm, 15 and 5 minute before the 15 minute warm-up period on a stationary 

bike, and immediately after, and then 7, 15, 30, 45, 60, 90 and 120 minutes after the 

completion of the 15 minute isokinetic stressor. Salivary and serum levels of IL-6 were not 

correlated at any time points during either activity. For the isokinetic task, salivary levels of 
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IL-6 showed a slight but non-significant increase immediately following the short exercise 

activity. For the spinning activity, serum IL-6 peaked approximately 60 minutes after the 

completion of the exercise, whereas salivary IL-6 levels peaked immediately to 7 minutes 

after its completion.

In a separate study, Minetto et al. (2007) conducted an exercise stressor paradigm with 15 

elite athletes (all males, median age of 23 years). The athletes were exposed to a 15 minute 

warm-up cycling activity and then to a 25 minute isometric exercise stressor of 160 

contractions of the knee; the total exercise (spinning warm-up plus isometric exercise) was 

40 minutes. Saliva samples were collected immediately before and immediately after, and 

then 30, 60, 90, and 120 minutes after completion of the exercise. Baseline saliva was 

collected by Salivette and passive drool. Although IL-6 levels were highly correlated 

between the two salivary collection methods (r = .72, p < 0.001), levels of IL-6 were higher 

in the passive drool method than the Salivette method and were thus deemed more accurate 

by the authors. No significant correlations were found between serum and salivary IL-6 

levels collected at baseline or post-exercise. Levels of salivary IL-6 (obtained via passive 

drool) peaked immediately after exercise (which was significantly different from baseline, p 

< .05) and were no longer significantly higher by 30 minutes, returning to baseline by 90 

minutes post-task. Serum IL-6 levels were significantly elevated immediately after exercise, 

and remained elevated until 90 minutes post-task.

3.4 Interleukin-2 (IL-2)

IL-2 is a cytokine produced by T-cells during an immune response; it is involved in the 

development and proliferation of T-cells and natural killer (NK) cells (Ito et al., 2014; Kindt 

et al., 2006). In serum and plasma, IL-2 has been shown to increase in response to both an 

exercise alone plus a mental challenge while cycling task (Huang et al., 2010) and the 

anticipation of an acute surgery stressor (Schulte et al., 1994). Higher levels of IL-2 and 

evidence of IL-2 up-regulation have been associated with pain in individuals with 

neuropathic pain (for review, see DeVon et al., 2014; Mika et al., 2013). A relative balance 

of IL-2 compared to other cytokines appears important for health and to be related to stress. 

For example, IL-2 deficiency appears to play a role in autoimmune diseases and the ability 

of other cell types to fight infection and to destroy infected cells (Hoyer et al., 2008). Like 

chronic psychosocial stress, sleep deprivation or restriction can result in lower levels of IL-2 

relative to other cytokines (as part of what is often interpreted as a Th-1 to Th-2 shift) 

(Axelsson et al., 2013). First investigated for its role in fighting cancer without strong 

success, IL-2 treatment is currently being investigated for its utility in immunotherapeutic 

intervention, particularly for autoimmune diseases (Ito et al., 2014).

3.4.1 Social-Cognitive Stressors and IL-2—Following a two hour lecture (presumably 

a stressor, compared to a control non-lecture day) in a sample of nine university professors, 

(Filaire et al. 2010; for more detailed methods, see above in TNF-α section and Table 1) 

higher salivary IL-2 concentrations were found 120 minutes after the completion of the 

lecture compared with pre-lecture levels (p < .05). No such changes were observed on non-

lecture days.
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In an exam stressor study, Lester et al. (2010) measured salivary samples of immune 

function in 36 first year undergraduate students during a non-exam (baseline) and within one 

hour prior to three anatomy exam periods, each approximately 3 weeks apart (see above in 

IL-6 section and Table 1 for more detailed methods). IL-2 levels at exam 3 were 

significantly higher than those at both baseline and exam 1 (both p < 0.05), with no 

differences between exams at other time points.

3.4.2 Exercise-Physical Stressors and IL-2—In their sauna heat study Dugue and 

colleagues (1996; see above in IL-6 section or Table 1 for more detailed methods) were 

unable to detect IL-2 in saliva at either baseline or following participants’ exposure to sauna 

heat; therefore no comparisons could be made with that cytokine in this study.

3.5 Interleukin-4 (IL-4)

IL-4 is a classic Th-2 type cytokine that is produced by activated T lymphocytes, mast cells, 

and granulocytes (Kindt et al., 2006; Stoner et al., 2013). IL-4 has strong anti-inflammatory 

properties; indeed, it has been called a “prototypic immunoregulatory cytokine” in that it 

inhibits the expression of inflammatory cytokines (such as IL-1β , IL-6, and TNF-α) as well 

as regulates antibody production and the differentiation of T cells (for reviews, see Brown & 

Hural, 1997; Mika et al., 2013). In serum and plasma, IL-4 production has been shown to 

decrease in response to chronic job stress (Nakano et al., 1998). IL-4 is implicated in chronic 

inflammation and wound repair through the activation of endothelial cells and fibroblasts 

(Kindt et al., 2006; Salmon-Ehr et al., 2000) and is elevated in patients with cardiovascular 

disease (Stoner et al., 2013). Overall, IL-4 appears to be associated with lower expression of 

symptomatology among individuals with chronic disease. Exercise has been shown to up-

regulate IL-4 (and the anti-inflammatory cytokine IL-10) among those with type-2 diabetes 

(for review, see Stoner et al., 2013) and genetic therapy to enhance IL-4 signaling is being 

studied as a way to reduce pain (for review, see Mika et al., 2013) and breathing difficulties 

due to obstructive airway diseases (Dasgupta et al., 2013). There also appears to be a linkage 

between acute stress and IL-4, although the human literature linking stress and other 

inflammatory cytokines is more robust (Steptoe et al., 2007); for example, anxiety induced 

by examination stress appears to reduce production of IL-4 and another anti-inflammatory 

cytokine (IL-10) (Maes et al., 1998).

3.5.1 Social-Cognitive Stressors and IL-4—Filaire and colleagues (2010; for more 

detailed methods see above in TNF-α section or Table 1) examined responses to giving a 

two hour lecture in nine university professors. Participants had higher IL-4 concentrations 

120 minutes after completion of giving the lecture compared with pre-lecture levels (p < .

05); no such changes were observed on non-lecture days.

3.5.2 Exercise-Physical Stressors and IL-4—To our knowledge, no studies have been 

conducted on salivary IL-4 responses to exercise stressors.

3.6 Interleukin-10 (IL-10)

Produced by Th-2 cells, B cells, monocytes, and macrophages, IL-10 is a cytokine that is 

involved in the proliferation of B-cells as well as the production of IgA, which is the main 
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immunoglobulin in salivary immunity (Kindt et al., 2006; Stoner et al., 2013). IL-10 has 

potent anti-inflammatory actions: it acts in an anti-inflammatory manner on macrophages 

and on vessel walls, and appears to play an important role in atherosclerosis (Stoner et al., 

2013). Notably, IL-10 elevations have been related to decreased risk for myocardial 

infarction and death, although only in those with high CRP (Heeschen et al., 2003). In serum 

and plasma, IL-10 has been shown to increase in response to an academic examination 

stressor (Maes et al., 1998). IL-10 also has been observed to rise simultaneously with pro-

inflammatory markers in the short-term in response to manipulated stress and pain but then 

decrease with prolonged pain (e.g., Mika et al., 2013), which may explain why both higher 

and lower levels of IL-10 have been observed in individuals with greater pain (DeVon et al., 

2014). Importantly, IL-10 activation in the central nervous system appears to mitigate pain 

signaling, and drug therapies to promote IL-10 are being examined to aid in various pain 

conditions (Shah et al., 2012; Watkins et al., 2007).

3.6.1 Social-Cognitive Stressors and IL-10—Examining responses to giving a two 

hour lecture (compared to a control non-lecture day) in a sample of nine university 

professors, Filaire and colleagues (2010; see above in TNF-α section for more detailed 

methods) found no effect of stress on IL-10 levels.

3.6.2 Exercise-Physical Stressors and IL-10—To our knowledge, no studies have 

been conducted on salivary IL-10 responses to exercise stressors.

3.7 Interleukin-12 (IL-12)

IL-12 is a cytokine that is produced by monocytes, macrophages, dendrites and other cells, 

and which strongly regulates adaptive immune responses and induces release of the pro-

inflammatory cytokine interferon-γ (IFN-γ) by NK cells and T-cells (Kindt et al., 2006; 

Watford et al., 2003). Less well-studied than inflammatory cytokines such as TNF-α and 

IL-1β in human models or even in vivo animal models, research is ongoing to determine 

clinical consequences of IL-12 and its relation to stress and health. Although animal 

research has suggested that IL-12 and its actions contribute to the development of 

autoimmune diseases, research suggests that IL-12 and related cytokines have complex anti-

inflammatory as well as pro-inflammatory functions (Hunter, 2005; Shaashua et al., 2014; 

Watford et al., 2003). IL-12 appears to have anti-tumor effects in rodent cancer models 

(Kanegane et al., 1998) and recent animal research suggests that IL-12 can be suppressed in 

response to behavioral stress (Shaashua et al., 2014).

3.7.1 Social-Cognitive Stressors and IL-12—In an exam stressor study, Lester and 

colleagues (2010; see above in IL-6 section and Table 1 for more detailed methods) 

measured salivary samples of immune function in 36 first year undergraduate students 

during a non-exam (baseline) period and within one hour prior to three anatomy exam 

periods, each approximately 3 weeks apart. They found that IL-12 levels progressively 

increased from baseline to the third exam, with concentrations at exam 2 and exam 3 each 

being significantly different from baseline and exam 1 (p < 0.05).
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3.7.2 Exercise-Physical Stressors and IL-12—To our knowledge, no studies have 

been conducted on salivary IL-12 responses to exercise stressors.

3.8 C-Reactive Protein (CRP)

CRP is an acute phase protein that is secreted by the liver in response to IL-6 (Kindt et al., 

2006; Marnell et al., 2005) and which also promotes the production of pro-inflammatory 

cytokines in response to infection (Du Clos, 2000). CRP activates the complement cascade, 

which helps mediate protection from bacteria (Marnell et al., 2005). In serum and plasma, 

CRP has been shown to increase in response to a speech and mirror tracing task (Hamer et 

al., 2006), an auditory serial addition test while tilted at 64° (Veldhuijzen van Zanten et al., 

2005), a mock job interview (Miller et al., 2005), and a Stroop and mirror tracing task 

(Steptoe et al., 2003). In plasma, CRP is considered a broad biomarker of systemic 

inflammation of clinical significance outside of the context of infection. Chronically high 

levels of CRP are a strong independent predictor of cardiovascular disease (Ridker et al., 

2000; Stoner et al., 2013), diabetes mellitus (Pradhan et al., 2001) and other chronic 

diseases, as well as general frailty (e.g., Puts et al., 2005) and depression (Howren et al., 

2009). There is a less robust literature showing that CRP rises in response to acute 

psychological stress than there is for inflammatory cytokines such as IL-1β and IL-6, but a 

recent meta-analysis showed a marginally significant effect for CRP to increase following 

exposure to acute stress (Steptoe et al., 2007).

3.8.1 Social-Cognitive Stressors and CRP—Campisi et al. (2012) exposed 15 healthy 

undergraduate students (18-22 years old; 73% female, n = 11) to the TSST. Samples were 

taken immediately before and immediately following the completion of the stressor and 

again 30 minutes after the completion of the TSST. Salivary CRP levels were successfully 

determined, but no significant changes in CRP levels occurred following the TSST.

3.8.2 Exercise-Physical Stressors and CRP—To our knowledge, no studies have 

been conducted on salivary CRP responses to exercise stressors.

4. Discussion

4.1 Overview

This review focused on the empirical studies conducted to date of stress-induced 

inflammation as measured in saliva. Its primary goals were to 1) determine if changes in 

inflammatory markers have been detected in saliva in response to acute stress, and 2) 

elucidate patterns of change, including which specific biomarkers have been most often 

shown to respond, the timing of response, and to what types of stressors. This review was 

also designed to highlight inconsistencies and knowledge gaps in the literature on salivary 

inflammatory responses to stress and to illuminate what methodological factors and 

participant characteristics appear most critical in moving this area of research forward. The 

feasibility of using salivary inflammatory markers to determine physiological stress 

responses needs to be more fully understood. If determined to be reliable and meaningful, 

these salivary markers could be used to assess stress responses as they occur in real-time and 

ecological context, thus better illuminating how psychological stress causes biological 
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changes as well as new ways to mitigate the often adverse impact that stress can have on 

physiological health. Provided below is a discussion of the patterns that are apparent from 

past studies, a review of issues regarding the assessment and interpretation of salivary 

inflammatory responses, and specific recommended guidelines for future research.

4.2 Does stress induce detectable changes in salivary inflammatory markers; if so, which 
markers respond most reliably?

The reviewed studies show that certain inflammatory cytokines in saliva appear to increase 

fairly consistently in response to acute stress. The pro-inflammatory cytokines IL-1β, TNF-

α, and IL-6 exhibited the most consistent responses to acute stressors; they showed either a 

significant or marginally significant increase post-stress in the majority of studies in which 

they were examined. For example, IL-1β showed a significant increase after social-cognitive 

stress in one of the two studies in which it was included (Mastrolonardo et al., 2007), during 

an exam period as compared to two non-exam periods (Mahmood & Ibrahim, 2013), as well 

as after exercise stress in two of the three exercise studies reviewed (Ilardo et al., 2001; Usui 

et al., 2012). TNF-α showed a significant increase after giving a lecture (Filaire et al., 2010), 

after exercise stress (Usui et al., 2012), and after sauna heat exposure among males but not 

females (Dugue et al., 1996). Significant increases in IL-6 to stress were observed in the 

majority of studies in which it was successfully measured in saliva; IL-6 showed increases at 

a final exam time point from an earlier time point (Lester et al., 2010) and 10 minutes after a 

TSST as compared to baseline (Izawa et al., 2013), as well as in two studies with an exercise 

stressor (Minetto et al., 2007; Usui et al., 2012). However, IL-6 showed no significant 

increases in response to a virtual reality stressor (Groer et al., 2010) or to an exercise 

stressor in a different study (Minetto et al., 2005). IL-2 also increased in response to stress in 

both studies in which it was detectable: in response to a lecture stress task (Filaire et al., 

2010) and from a final exam stressor as compared to an earlier time point (Lester et al., 

2010).

In terms of the robustness of the effect of stress on inflammation determined from saliva, 

there was considerable inconsistency, with Hedges g repeated measures effect sizes ranging 

from .11 (very small) to over 3.0 (very large). It is important to note that some of the 

stressors utilized in the studies reviewed here were not well-validated. Of the three studies 

(Campisi et al., 2012; Izawa et al., 2013; Mastrolonardo et al., 2007) that employed a 

classical laboratory stressor (TSST or similar social evaluative task), two (Izawa et al., 2013; 

Mastrolonardo et al., 2007) found a post-stress increase of inflammatory cytokines (IL-6 and 

IL-1β, respectively), with within-subjects effect sizes ranging from .27 to .37 (there was not 

enough information available from Mastrolonardo et al., 2007 to calculate effect sizes). Of 

the other ten studies that employed non-validated stressors (Dugue et al., 1996; Filaire et al., 

2010; Groer et al., 2010; Ilardo et al., 2001; Lester et al., 2010; Mahmood & Ibrahim, 2013; 

Minetto et al., 2005; Minetto et al., 2007; Usui et al., 2012; Zefferino et al., 2006), nine (all 

but Minetto et al., 2005) found a post-stress increase in at least one of the inflammatory 

cytokines they measured (TNF-α, IL-1β, IL-6, IL-2, IL-4), with within-subjects effect sizes 

of 1.73 for IL-2 and 1.33 for IL-4 (both from Filaire et al., 2010), and ranging from .12 to 

2.53 for TNF-α (Dugue et al., 2006, Filaire et al., 2010, Usui et al., 2012), .16 to 1.65 for 

IL-6 (Groer et al., 2010 and Usui et al., 2012), and .35 to 9.69 for IL-1β (Mahmood and 
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Ibrahim, 2013, Usui et al., 2012, Zefferino et al., 2006; there was not enough information 

from Filaire et al., 2010, Lester et al., 2010 and Minetto et al., 2007 to calculate effect sizes). 

The type of stressor and the degree to which it successfully evoked an inflammatory 

response may be critical to understanding such inconsistencies, an issue which is further 

addressed in section 4.5.1.

In terms of which salivary inflammatory biomarkers can be determined to respond to stress, 

specific knowledge gaps became apparent from this review. For example, several 

biomarkers reviewed herein (i.e., CRP, IL-4, IL-10, and IL-12) were assessed in only a 

single study each, making it impossible to determine whether these biomarkers show 

consistent patterns in response to stress. IL-12 showed an increase from one sampling point 

to a final exam point (Lester et al., 2010), as did IL-4 in response to giving a lecture (Filaire 

et al., 2010); in contrast, IL-10 did not change significantly in response to lecture stress 

((Filaire et al., 2010). CRP did not increase following a TSST paradigm (Campisi et al., 

2012); however, the time frame of 30 minutes following stress may not have been sufficient 

to show change in CRP based on what is known of the time-course of CRP detectability in 

blood (i.e., changes may occur somewhat later, e.g., 120 min post-task) (Hamer et al., 2006; 

Steptoe et al., 2003). Issues related to the time points of sampling are thus critical, and are 

discussed further below. It is also possible that the significant overall findings for stress-

related increases in inflammation measured through IL-1β, TNF-α, and IL-6 (as compared to 

less commonly measured markers such as IL-10 and IL-4) may relate to these biomarkers 

being more commonly measured and/or may represent selective publication of positive 

findings (publication bias).

Overall, this review suggests that there are detectable changes in salivary inflammatory 

markers following stress but also that there are a number of specific unknowns that future 

research could target to help determine which salivary inflammatory markers are most 

promising and useful. Steptoe and colleagues performed a meta-analysis of blood-derived 

markers of inflammation in response to acute stress (Steptoe et al., 2007) and concluded that 

the most robust increases in plasma or serum were in IL-6 and IL-1β (relative to other 

markers such as TNF-α and CRP). Other studies published since then have shown similar 

results, particularly among individuals either at risk for or diagnosed with major depression. 

In a study by Carpenter et al. (2010), after exposure to a TSST, individuals with a history of 

child maltreatment showed greater plasma IL-6 responses compared to individuals without a 

history of maltreatment, with both groups’ levels of IL-6 peaking 60 minutes after 

completion of the TSST. A similar study by Pace et al. (2006) showed that exposure to the 

TSST significantly increased levels of plasma IL-6 along a similar timeline in both 

individuals with major depression and those without depression (peaking at 60 minutes post 

stressor completion); depressed individuals had significantly higher levels at this peak. 

Although the results from the present review examining salivary responses generally match 

these findings in blood, the limitations of the current data make explicit comparisons 

somewhat premature. More research is needed using better-validated stressors, longer time-

frames, and taking into account additional factors that are discussed below.
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4.3 What is the timing of biomarker change in response to stress and what are the 
appropriate time points for assessment?

More research is needed on the kinetics of inflammatory change in saliva following acute 

stress to determine the most effective sampling time points, and also to inform specifically 

how oral inflammation is being elevated/triggered in response to stress. There are two likely 

routes by which acute stress could lead to an increase in inflammation in saliva. One route is 

infiltration via blood (for a review see Bosch, 2014), where HPA axis and sympathetic 

nervous system activation can lead to increases in systemic inflammation (for review see 

Hawkley et al., 2007).The other route is by acute stress directly affecting oral inflammation 

in the mouth; numerous cell types in the mouth, particularly in the salivary glands, have 

functions that are influenced by sympathetic nervous system innervation and are capable of 

releasing inflammatory cytokines (Schapher et al., 2011). This review highlights the 

possibility that this latter route may be common. Two of the reviewed studies (Minetto et al., 

2005; Minetto et al., 2007) found that acute stress induced an increase in IL-6 levels that 

occurred earlier in saliva than in blood; levels were higher in saliva as well (Minetto et al., 

2007), suggesting that this cytokine may have been secreted locally into saliva, as opposed 

to it entering saliva by way of blood. Additional research is needed to more clearly identify 

the mechanisms through which stress increases inflammation in saliva and the timing of 

these responses.

Many of the reviewed studies obtained only one or two samples, with some collected only 

up to 30 minutes post-stressor completion. This may not capture the timeframe for peak 

post-stress responses, and very likely does not capture recovery to baseline. Although the 

temporal details for salivary assessments of reactivity are as of yet unclear, in blood many 

inflammatory biomarkers peak anywhere between 60-120 minutes post-stressor completion 

and take 120-180 minutes to show full recovery to baseline (Steptoe et al., 2007). For 

example, in serum and plasma, IL-6 has been shown to have stronger effect sizes when 

samples were taken 30-120 minutes post-stressor completion, as compared to samples taken 

immediately post-stressor completion (Steptoe et al., 2007). Ideally, a baseline sample 

should be taken, and additional samples taken immediately after the stressor, and at multiple 

time points thereafter (optimally for at least two hours post-stressor completion) to 

demonstrate full recovery to baseline, as was done in several of the reviewed studies (i.e., 

Filaire et al., 2010; Minetto et al., 2005; Minetto et al., 2007). It is also the case that some 

cytokines may exhibit different response patterns. For example, anti-inflammatory markers 

may rise as a compensatory response to inflammation in these models, and thus pro-

inflammatory markers may be better for assessing stress effects. Therefore, both the timing 

of biomarker assessment and the selection of appropriate biomarkers are important for 

interpretability of findings.

4.4 What might indicators of salivary inflammation signify biologically and clinically?

A secondary goal of the present review was to highlight issues related to the importance and 

interpretability of findings. Of importance to this effort is to determine what validity or 

prognostic/clinical value such biomarkers may have for the field. Related to this question are 

a number of issues that have been brought to light by the current review.
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4.4.1 Saliva and blood divergence—For many reasons it would be desirable if salivary 

inflammation mapped clearly onto blood-derived markers of inflammation and thus yielded 

a good approximation of what is happening systemically. On the whole, this does not appear 

to be the case (with some exceptions noted below); several studies have reported poor 

correlations between saliva and blood for inflammatory markers (Dillon et al., 2010; Riis et 

al., 2014). Although there is some infiltration of proteins from blood into saliva, as noted 

above, most proteins do not easily pass the multiple barriers between these two 

compartments (for a recent review see Bosch, 2014). For example, cytokines are too large to 

enter saliva via passive diffusion (as cortisol does) and enter instead via leaky patches such 

as through sites of inflammation or tissue damage (Bosch, 2014). This method of entrance 

into saliva produces large variability between individuals, which may help to explain the 

generally poor correlations that have been reported between saliva and blood for 

inflammatory markers. It is possible that individual differences in oral inflammation may 

also serve as important indicators of health status.

A number of common (local) issues can substantially increase inflammation in the mouth, 

and undoubtedly also contribute to a poor overall correlation between inflammation in saliva 

and blood. These issues include poor oral hygiene, gingivitis, periodontal disease, and 

mouth injury. Under such conditions, salivary inflammation increases due to higher local 

production of inflammatory factors and possibly an increased infiltration from blood (Bosch, 

2014). Several studies have reported substantially higher levels of inflammatory markers in 

saliva than in blood (Khan, 2012; Miller et al., 2010; Rahnama et al., 2013), further 

supporting the notion that salivary cytokines are being produced by local tissues in lieu of 

(or in addition) to their infiltrating the mouth from the periphery (i.e., from blood). 

Importantly, a vast majority (>80%) of adults in the United States exhibit gingivitis in one or 

more teeth, and almost 50% of individuals over age 50 present with some level of 

periodontal disease (Albandar, 2002). Numerous studies have reported higher salivary 

inflammation in subjects with periodontal disease compared to healthy controls, as assessed 

by CRP (e.g., 18.2x higher; Christodoulides et al., 2007) or inflammatory cytokines (e.g., 

IL-1β, TNF-α 2x higher; Yoon et al., 2012), and treatment of severe gingivitis has been 

shown to reduce TNF-α and CRP levels in the mouth (Alzahrani et al., 2013). Higher plaque 

burden (gingivitis) has similarly been associated with higher IL-1β levels in the mouth 

(Gonzales et al., 2001). Hence, poor oral hygiene (or gum disease) appears to increase 

salivary inflammation and may thus substantially contribute to reduced associations with 

these same markers in blood.

A few inflammatory markers have shown correlations between saliva and peripheral blood. 

For example, IL-1β levels were correlated (r = .11) between saliva and blood assessments in 

a study of healthy adolescent girls, although a long list of other inflammatory mediators 

were not (including IL-2, IL-6, IL-8, IL-10, and TNF-α) (Riis et al., 2014). The best 

example may be salivary CRP, which has been found to correlate with blood levels of CRP 

in healthy individuals (Ouellet-Morin et al., 2011), women seeking help from domestic 

violence (Out et al., 2012), as well as in cardiac patients (Floriano et al., 2009; Punyadeera 

et al., 2011). CRP levels obtained from saliva and blood may be particularly likely to 

correlate because, unlike cytokines, CRP is synthesized primarily in the liver. Hence, there 
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is no local production of CRP in the mouth and its most likely route into saliva is via blood; 

supporting this notion, salivary CRP levels are much more dilute (~1600x) than blood CRP 

levels (Ouellet-Morin et al., 2011). Another study, however, failed to show a significant 

association between CRP in saliva and serum (Dillon et al., 2010). One study suggests that 

salivary CRP is a better indicator of systemic CRP when it is at low levels, whereas at 

higher levels it is less likely to correlate with levels in blood (Out et al., 2012). A possible 

explanation for this is that higher levels of CRP in saliva may indicate an abnormally high 

infiltration from blood due to local inflammation, tissue damage, or poor oral health (Bosch, 

2014).

As a final point about saliva and blood divergence, it is important to note that even if saliva-

based measures do not map well onto peripheral measures (or have greatly lagged 

associations) they may yet be predictive of disease and well-being. This is highlighted by 

research on CRP discussed above. Further research relating salivary inflammation (and 

salivary inflammatory responses to stress) to health is needed to better determine the clinical 

relevance of salivary inflammatory biomarkers.

4.4.2 Lagged time associations between systemic and salivary inflammation—
The studies that have focused on correlations between salivary and blood-based 

inflammation have been conducted with static, baseline levels (i.e., not in response to stress) 

(Rahnama et al., 2013; Williamson et al., 2012). Salivary inflammatory cytokines may 

perhaps relate better to blood-based cytokines in the context of stress responses, and/or if 

examined on a lagged time basis from systemic inflammation. As discussed earlier, some 

salivary markers of inflammation rise more quickly than blood-derived markers. For 

instance, two studies (Minetto et al., 2005; Minetto et al., 2007) found that salivary IL-6 

levels peaked almost immediately after the completion of an exercise stressor, whereas 

serum IL-6 levels peaked 60 minutes after the completion of an exercise stressor in one 

study (Minetto et al., 2005) and had not yet returned to baseline by 90 minutes post-stressor 

in the other study (Minetto et al., 2007). The finding that these levels rose in saliva prior to 

blood suggests that IL-6 under these conditions is not primarily entering saliva from blood. 

Inflammatory cytokines (e.g., IL-6 or TNF-α) in saliva may map better onto peripheral 

blood responses that are determined from later time-points (i.e., after saliva collection). In 

contrast, because it is not produced in the mouth, CRP responses in saliva may best relate to 

CRP responses in blood, and this may be especially true when saliva collection is somewhat 

lagged behind blood collection. The present review highlights the need to compare serum 

and salivary biomarkers not just at the same time points in response to stress but also on a 

time lagged basis to best assess correlations between these factors.

4.5 Methodological and demographic considerations

There is a need for certain methodological considerations in research dealing with salivary 

inflammatory responses, several of which may be critical for determining the validity of 

salivary inflammatory changes in response to acute stress. One factor is to what extent the 

stressors being utilized are valid and meaningful. The method of saliva collection, salivary 

flow rates, details relating to the protein assay, pre-existing conditions (such as oral health 
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and the presence of inflammatory diseases), and a number of demographic variables are also 

essential factors to consider. Each of these issues is discussed in more detail below.

4.5.1 Stressor type and validation—It is essential to use acute stressors that have been 

well-documented in terms of their ability to evoke a psychological and physical stress 

response, and/or collect subjective stress ratings to quantify experiential reactions. Because 

individuals vary widely in the degree to which they experience any given event as stressful, 

any new event-related stressor being utilized should be well-validated, ideally with a diverse 

and large sample. Even public speaking tasks, such as those used by Campisi et al. (2012) 

and Filaire et al. (2010), which many might assume to be stressful, are likely to evoke a 

different response in an extrovert versus an introvert, or in a veteran public speaker versus a 

neophyte. Dickerson and Kemeny (2004) have shown that mental arithmetic alone, for 

example, may not be sufficient to reliably evoke an HPA-axis response. In terms of social-

cognitive stressors, the well-validated and well-known TSST (Kirschbaum et al., 1993) is a 

good choice for a laboratory-based stressor. The social-evaluative threat component of the 

TSST, stemming from the perception that one is being evaluated critically on domains of 

social importance, seems to be critical in activating the HPA-axis, and consequently, 

evoking cortisol and inflammatory responses (Dickerson et al., 2009). Even with the TSST, 

however, small variations in protocol can change the degree to which it evokes a 

physiological response (Dickerson & Kemeny, 2004).

It is also important to acknowledge that differences may exist in the nature of response 

between physical and social-cognitive stressors. For example, although exercise stressors are 

associated with an acute rise in IL-6, in the context of exercise, IL-6 appears to have anti-

inflammatory effects on other cytokines, including TNF-a, both in peripheral blood and to 

immune challenge (Starkie et al., 2003; for review, Woods et al., 2009). These and other 

related findings help explain why those who exercise regularly tend to have significantly 

lower systemic inflammation, particularly as indexed by broad inflammatory markers such 

as CRP, even after controlling for demographic factors, mediation use, and pre-existing 

disease (Woods et al., 2009).

4.5.2 Salivary collection, handling technique, and salivary flow-rate—The 

method by which saliva is collected can make a difference in terms of values and 

interpretability of the resulting data. The techniques used to collect saliva varied among the 

reviewed studies, although the majority (eight) of the 13 studies used Salivettes (Campisi et 

al., 2012; Dugue et al., 1996; Filaire et al., 2010; Ilardo et al., 2001; Mastrolonardo et al., 

2007; Minetto et al., 2005; Usui et al., 2012; Zefferino et al., 2006). Four studies used the 

passive drool method only (Groer et al., 2010; Izawa et al., 2013; Lester et al., 2010; 

Mahmood & Ibrahim, 2013), and one study used both Salivette and passive drool methods 

to collect saliva (Minetto et al., 2007). In comparison to passive drool, levels of salivary 

testosterone, DHEA, progesterone, and estradiol were found to be higher when collected 

using Salivettes, whereas salivary IgA levels were lower (Shirtcliff et al., 2001). Another 

study reported that collection via cotton Salivettes reduced the yield of IL-8 by >80% 

(Groschl et al., 2008). The materials in these sampling tools (e.g., cotton) may at times 

partially sequester the analyte of interest. In addition, chewing on a Salivette mechanically 
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stimulates flow; hence the method of saliva collection appears to alter the obtainable levels 

for some analytes.

The area of collection in the mouth can affect inflammatory measurements as well. 

Differences in some cytokines (IL-1α, IL-6, IL-8) have been reported when comparing 

whole (mixed) saliva to parotid saliva (obtained strictly from the parotid glands) (Ruhl et al., 

2004) Collecting unstimulated whole saliva is ideal, as this should minimize the variability 

in saliva composition that occurs from different glands. Collection of whole unstimulated 

saliva (e.g., by passive drool as (described by Navazesh, 1993) has another advantage when 

dealing with inflammatory markers, and particularly when examining stress responses. 

When saliva is obtained via passive drool, it is possible to determine and control for salivary 

flow rate (an indicator of how much saliva is produced over a given time). Salivary flow rate 

is important because it can alter protein concentrations within the sample; higher flow rates 

typically result in lower protein concentrations. This may have particular relevance in stress-

related research because psychological stress (sympathetic activation) slows salivary flow-

rate in humans (Matos-Gomes et al., 2010). When possible in stress studies (especially in 

laboratory-based studies) we suggest controlling for salivary flow rate (by measuring the 

volume or weight of the sample obtained in a given time) to reduce variability between 

participants. However, controlling for flow rate is not always possible, particularly in field 

studies or those employing ecological momentary assessments. It is likely not essential to 

control for flow rate to have meaningful results, particularly if other factors (see Table 2) are 

controlled.

Finally, one must consider the potential impact of the specimen collection procedure on 

sample degradation with regards to the time between sample collection, processing, and 

storage, and the effects of both long-term storage and repeated freeze-thaw cycles on stored 

samples. The timing of salivary cytokine degradation is not currently well characterized. 

However, cytokines are much less stable in saliva than steroids (e.g., cortisol) and have been 

shown to degrade by up to 70% after a day at room temperature (Groschl et al., 2008). 

Saliva samples should be refrigerated or placed on ice (in the field) immediately after 

collection, and frozen as soon as possible. Aliquotting samples into smaller volumes prior to 

freezing will help to avoid freeze-thaw issues. Because mucins or other salivary components 

may sequester cytokines (Ng et al., 2007) all saliva samples should be collected, centrifuged, 

and stored in as consistent a manner as is practical to reduce variability in yields. With the 

increasing popularity and use of salivary diagnostics in both laboratory and field settings, 

studies should be conducted to determine the procedures and time lines needed for 

producing optimum results when quantifying inflammatory markers in saliva.

4.5.3 Assay technique—Most of the assay kits used for saliva analysis in the reviewed 

studies were not optimized for use with saliva samples but instead were designed for serum 

or plasma analysis. The majority of studies used an ELISA (Campisi et al., 2012; Dugue et 

al., 1996; Groer et al., 2010; Ilardo et al., 2001; Izawa et al., 2013; Lester et al., 2010; 

Mahmood & Ibrahim, 2013; Mastrolonardo et al., 2007; Minetto et al., 2007; Usui et al., 

2012; Zefferino et al., 2006), one used an immunoradiometric assay (Minetto et al., 2005), 

and another used a cytometric bead array kit (Filaire et al., 2010). The saliva matrix is very 

dissimilar from blood due to factors such as pH, protein load, viscosity, enzymes, and the 
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presence of various other factors that can increase sample to sample variation, even from the 

same subject. Optimizing an assay for saliva specifically accounts for the majority of these 

factors and yields a result that is much more accurate than analyzing saliva using reagents 

that are optimized for blood. Currently, on the market there are several relatively new kits 

available that have been optimized for salivary analysis of CRP, IL-6, and IL-1β 

(Salimetrics). To our awareness, however, Salimetrics assays for IL-6 and IL-1β have not 

been calibrated against blood; therefore, the correlation between salivary and plasma values 

for these metabolites is not as clear as it is with CRP. Further salivary-blood validation 

studies must be conducted to address this limitation in our understanding of what elevations 

in these biomarkers may mean. Assays for additional analytes, optimized for salivary 

analyses, are presently under development and should yield more accurate results in salivary 

research than assays that have been optimized for blood/tissues. Regardless of using a kit 

optimized for saliva or not, the coefficients of variation (inter- and intra-assay) must be 

calculated to ensure acceptable reliability of the laboratory measures.

4.5.4 Oral health—As noted in section 4.4.1, oral health is another factor for which it 

increasingly appears critical to control in studies using salivary inflammatory markers. Only 

four of the 13 studies controlled for oral health status (Campisi et al., 2012; Filaire et al., 

2010; Mahmood & Ibrahim, 2013; Usui et al., 2012), highlighting another need for new 

standards in this field. Local inflammation (e.g., gingivitis, periodontal disease) may 

confound measures of salivary inflammation in response to stress. Evidence for this comes 

from a study by Deinzer et al. (2004) in which 12 medical students in their first clinical 

semester (mean age 22.3 ± 1.8 years; 50% female, n = 6) were randomly assigned to either 

an “experimental gingivitis” group, where they refrained from brushing different quadrants 

of the mouth for 28 days, or to a control hygiene condition where they continued dental 

hygiene as usual. On day 27 and 28 of the protocol, all participants were subjected to either 

a 30 minute stressor (anticipation period and public speech) or to a magazine reading control 

condition. Psychological stress and plaque accumulation each independently induced a 

significant increase in IL-1β concentrations obtained from gingival crevicular fluid (GCF), 

which is an exudate that occurs in minute amounts between the gingiva (gums) and the teeth 

and which increases under conditions of local inflammation (Ozkavaf et al., 2000). The 

effects of stress in this study were amplified under conditions of poor hygiene (Deinzer et 

al., 2004). Thus, there is some preliminary evidence that poor oral health (plaque 

accumulation) can inflate stress-related increases in inflammation.

4.5.5 Hormonal and inflammatory confounds—Both menstrual cycle status and 

hormonal contraceptive use have been shown to influence the HPA-axis and inflammatory 

responses (Bouman et al., 2005; Engeland et al., 2009; Kirschbaum et al., 1999). Of the 

eleven studies that had female participants (all but Usui et al., 2012; Zefferino et al., 2006), 

only one reported controlling for menstrual cycle status (Izawa et al., 2013), and none 

reported controlling for use of hormonal contraceptives. The presence of inflammatory 

diseases (e.g., Sjögren’s syndrome, RA, diabetes mellitus) may also alter salivary biomarker 

levels by increasing levels of inflammation or by reducing salivary flow rate (Kaufman & 

Lamster, 2002). Seven of the 13 studies (Campisi et al., 2012; Filaire et al., 2010; Ilardo et 

al., 2001; Izawa et al., 2013; Mahmood & Ibrahim, 2013; Mastrolonardo et al., 2007; Usui et 
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al., 2012) controlled extensively for the presence of preexisting health conditions, including 

chronic illness and/or inflammatory diseases. It is important to note that none of these 

factors – hormonal fluctuations in women, medication use, or chronic disease comorbidities 

– are easy or straightforward to control. Further, the generalizability of results decreases as 

more of these factors are controlled (particularly when used as exclusion criteria). 

Additional research is needed to determine more precisely how important these types of 

factors are for interpretability of salivary inflammation in response to stress.

4.5.6 Sample size—Studies with greater sample sizes are needed to enable the 

examination of potential moderators – such as age, gender, personality factors, or 

socioeconomic status – that may potentially alter stress levels, stress responses, and immune 

function (Dowd & Aiello, 2009; Engeland et al., 2006; Segerstrom, 2000). Sample size was 

an issue for the majority of studies reviewed (see Table 1). Ten of the 13 reviewed studies 

had 36 participants or fewer, and five of those ten studies had 17 participants or fewer. 

Having so few subjects makes moderation analyses impossible and limits the power of the 

studies, increasing the chance that certain effects observed were spurious and/or driven by 

outliers (Type 1 error) or that actual effects went undetected (Type II error).

4.5.7 Behavioral and demographic factors—A review by O’Connor et al. (2009) 

identified biobehavioral factors that should be considered when assessing blood-based 

inflammatory markers; such factors include fitness level, dietary patterns, smoking habits, 

medication use, and menopause status. The authors also suggest controlling for age; gender; 

socioeconomic status (SES); ethnicity; BMI; use of alcohol, aspirin, statins, anti-

hypertensives, and antidepressants; and sleeping patterns. They recommend possibly 

excluding participants who have sleep disorders or have had recent sleep deprivation, who 

have partaken in recent acute exercise, who have partaken in acute (e.g., same day) 

substance use (e.g., nicotine, caffeine, SSRIs), or who are current substance abusers or 

smokers. Although these guidelines were developed based on studies investigating 

circulating inflammatory markers in serum or plasma, they very likely also correspond to 

salivary measurements of inflammatory markers.

4.5.8 Summary of methodological and demographic considerations—Based on 

the studies reviewed, we provide below a checklist of factors to consider and control for in 

future studies using salivary markers of inflammation in response to stress (see Table 2). We 

also note that it is important in studies of inflammatory responses to stress to assess more 

than a single marker of inflammation when possible, particularly if the marker has anti-

inflammatory qualities; with only one marker of inflammation it can be difficult to interpret 

what a rise in levels means (i.e., more or less inflammation?). Finally, consistent with 

comments raised in section 4.4.2, in studies where both saliva and blood are obtained and an 

analytic objective is to determine how the two types of measures are related, we note that it 

would be ideal to consider lagged time points of measurement to reflect differences in rates 

and/or processes involved in biological release.
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4.6 The value of inflammatory diagnostics obtained from saliva

Inflammatory markers in saliva have great potential value to the field, both clinically and 

experimentally. Certain questions about how stress is experienced in real time and “gets 

under the skin” can only be answered with sampling schedules that involve multiple 

assessments throughout the day (and across days), within the same individual and in “real 

life” contexts. This combination of needs precludes both the use of venous puncture and 

even blood spot, which would be either impossible or overly intrusive. For example, 

although blood spot can be accomplished in the field, participants find it challenging to 

complete blood spot procedures by themselves (without an experimenter) and it is overly 

burdensome and potentially painful to perform many times a day.

If the assessment of salivary inflammation in response to stress is demonstrated to be viable, 

it would enable new approaches in ecological momentary assessment and other ambulatory 

research to understand stress and health connections. For example, one might signal a 

subject (e.g., with a mobile device) at any point during the day and have them not only 

provide self-report data but also provide a biological sample that would reflect their 

inflammatory state in that moment. Multiple days or weeks of such intensive ecological 

momentary data, combined with longer term follow-up assessments of physical health 

status, would enable much greater understanding of how, for example, acute stress 

experiences are related to acute inflammatory responses that may pose long-term disease 

risk (see Smyth & Heron, 2012). Alternatively, if information from biological samples could 

be determined quickly in the field, it could be used to provide relatively real-time feedback 

to participants as a form of intervention (see Heron & Smyth, 2010). Although we are not 

there yet, appropriate and careful examination of the utilization for salivary diagnostics 

makes sense in this context, as will careful examination of other potential ambulatory 

biomarker assessment collection devices and monitors that can be used in real-time in the 

natural environment.

4.7 Conclusion

Overall, it appears that some cytokines, notably IL-1β, TNF-α, and IL-6, increase fairly 

consistently in saliva in response to acute stress. This conclusion, however, is based on a 

very limited literature; further, there is a dearth of studies with large samples and robust 

methodologies. Due to such limitations, it is premature to draw firm conclusions about the 

response patterns of salivary inflammation to acute stress at this time. Moreover, some of 

the more promising candidate salivary inflammatory markers have not been assessed in the 

context of acute stress more than once or with an appropriate sampling time frame. Given 

the need for biomarkers that can be sampled across time in ecological context, and in light of 

the present limited yet suggestive literature, further research to examine the utility, 

feasibility, and validity of salivary inflammation in response to acute stress seems 

warranted. Some guidelines on how to do so have been provided herein.

There are both challenges and opportunities ahead. Collection and assay techniques must be 

optimized specifically for saliva, and studies must be conducted to determine the most 

effective time points of sampling. Larger sample sizes are needed to enable investigation of 

how demographic and behavioral factors affect results. Studies utilizing well-validated acute 
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stress protocols are critical. Finally, additional research validating salivary inflammation 

measures to systemic inflammation and to health is needed. Importantly, even if saliva-

based measures are not found to map well onto systemic measures (or have greatly lagged 

associations), they may still be strongly predictive of disease and well-being and have both 

clinical and research utility. If saliva proves to be as reliable and as meaningful as blood-

based measures for assessing stress-induced changes in inflammation, its non-invasiveness 

would allow researchers to better capture how individuals physiologically respond to stress 

in more naturalistic settings and as stressors occur.

Acknowledgements

Work on this manuscript was supported by a grant from the Social Science Research Institute at The Pennsylvania 
State University (PI: Graham-Engeland). The first author was supported by the National Science Foundation under 
Grant No. DGE1255832; any opinions, findings, and conclusions or recommendations expressed in this material 
are those of the author and do not necessarily reflect the views of the National Science Foundation. We 
acknowledge and thank Dr. Martin Sliwinski for his insight into calculating effect sizes for this paper.

References

Ackerman KD, Martino M, Heyman R, Moyna NM, Rabin BS. Stressor-induced alteration of cytokine 
production in multiple sclerosis patients and controls. Psychosomatic Medicine. 1998; 60:484–491. 
[PubMed: 9710295] 

Albandar JM. Periodontal diseases in North America. Periodontology. 2002; 2000:29, 31–69.

Altemus M, Rao B, Dhabhar FS, Ding W, Granstein RD. Stress-induced changes in skin barrier 
function in healthy women. Journal of Investigative Dermatology. 2001; 117:309–317. [PubMed: 
11511309] 

Alzahrani AS, Bissada NF, Jurevic RJ, Narendran S, Nouneh IE, Al-Zahrani MS. Reduced systemic 
inflammatory mediators after treatment of chronic gingivitis. Saudi Medical Journal. 2013; 34:415–
419. [PubMed: 23552596] 

Axelsson J, Rehman JU, Akerstedt T, Ekman R, Miller GE, Hoglund CO, Lekander M. Effects of 
sustained sleep restriction on mitogen-stimulated cytokines, chemokines and T helper 1/ T helper 2 
balance in humans. PLoS One. 2013; 8:e82291. [PubMed: 24349251] 

Balkwill F. TNF-alpha in promotion and progression of cancer. Cancer Metastasis Review. 2006; 
25:409–416.

Bosch JA. The use of saliva markers in psychobiology: Mechanisms and methods. Diagnostics and 
Disorders. 2014; 24:99–108.

Bouman A, Heineman MJ, Faas MM. Sex hormones and the immune response in humans. Human 
Reproduction Update. 2005; 11:411–423. [PubMed: 15817524] 

Bower JE, Ganz PA, Aziz N, Olmstead R, Irwin MR, Cole SW. Inflammatory responses to 
psychological stress in fatigued breast cancer survivors: Relationship to glucocorticoids. Brain, 
Behavior, and Immunity. 2007; 21:251–258.

Breen E, Rezai A, Nakajima K, Beall G, Mitsuyasu R, Hirano T, Kishimoto T, Martinez-Maza O. 
Infection with HIV is associated with elevated IL-6 levels and production. The Journal of 
Immunology. 1990; 144:480–484. [PubMed: 2295799] 

Brown MA, Hural J. Functions of IL-4 and control of its expression. Critical Reviews in Immunology. 
1997; 17:1–32. [PubMed: 9034722] 

Brydon L, Edwards S, Jia HY, Mohamed-Ali V, Zachary I, Martin JF, Steptoe A. Psychological stress 
activates interleukin-1 beta gene expression in human mononuclear cells. Brain, Behavior, and 
Immunity. 2005; 19:540–546.

Brydon L, Edwards S, Mohamed-Ali V, Steptoe A. Socioeconomic status and stress-induced increases 
in interleukin-6. Brain, Behavior, and Immunity. 2004; 18:281–290.

Slavish et al. Page 24

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Campisi J, Bravo Y, Cole J, Gobeil K. Acute psychosocial stress differentially influences salivary 
endocrine and immune measures in undergraduate students. Physiology & Behavior. 2012; 
107:317–321. [PubMed: 22982515] 

Carpenter LL, Gawuga CE, Tyrka AR, Lee JK, Anderson GM, Price LH. Association between plasma 
IL-6 response to acute stress and early-life adversity in healthy adults. Neuropsychopharmacology. 
2010; 35:2617–2623. [PubMed: 20881945] 

Cesari M, Penninx BW, Newman AB, Kritchevsky SB, Nicklas BJ, Sutton-Tyrrell K, Tracy RP, Rubin 
SM, Harris TB, Pahor M. Inflammatory markers and cardiovascular disease (the health, aging and 
body composition [Health ABC] study). American Journal of Cardiology. 2003; 92:522–528. 
[PubMed: 12943870] 

Christodoulides N, Floriano PN, Miller CS, Ebersole JL, Mohanty S, Dharshan P, Griffin M, Lennart 
A, Ballard KL, King CP Jr. Langub MC, Kryscio RJ, Thomas MV, McDevitt JT. Lab-on-a-chip 
methods for point-of-care measurements of salivary biomarkers of periodontitis. Annals of the 
New York Academy of Sciences. 2007; 1098:411–428. [PubMed: 17435146] 

Clinton JM, Davis CJ, Zielinski MR, Jewett KA, Krueger JM. Biochemical regulation of sleep and 
sleep biomarkers. Journal of Clinical Sleep Medicine. 2011; 7:S38. [PubMed: 22003330] 

Cohen S, Janicki-Deverts D, Miller GE. Psychological stress and disease. Journal of the American 
Medical Association. 2007; 298:1685–1687. [PubMed: 17925521] 

Dasgupta A, Neighbour H, Nair P. Targeted therapy of bronchitis in obstructive airway diseases. 
Pharmacology & Therapeutics. 2013; 140:213–222. [PubMed: 23845862] 

Deinzer R, Granrath N, Stuhl H, Twork L, Idel H, Waschul B, Herforth A. Acute stress effects on local 
IL-1β responses to pathogens in a human in vivo model. Brain, Behavior, and Immunity. 2004; 
18:458–467.

DeVon HA, Piano MR, Rosenfeld AG, Hoppensteadt DA. The association of pain with protein 
inflammatory biomarkers: A review of the literature. Nursing Research. 2014; 63:51–62. 
[PubMed: 24335913] 

Dickerson SS, Gable SL, Irwin MR, Aziz N, Kemeny ME. Social-evaluative threat and 
proinflammatory cytokine regulation: An experimental laboratory investigation. Psychological 
Science. 2009; 20:1237–1244. [PubMed: 19754527] 

Dickerson SS, Kemeny ME. Acute stressors and cortisol responses: A theoretical integration and 
synthesis of laboratory research. Psychological Bulletin. 2004; 130:355–391. [PubMed: 15122924] 

Dillon MC, Opris DC, Kopanczyk R, Lickliter J, Cornwell HN, Bridges EG, Nazar AM, Bridges KG. 
Detection of homocysteine and c-reactive protein in the saliva of healthy adults: Comparison with 
blood levels. Biomarker Insights. 2010; 5:57–61. [PubMed: 20703322] 

Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family. Annual Review 
of Immunology. 2009; 27:519–550.

Dowd JB, Aiello AE. Socioeconomic differentials in immune response. Epidemiology. 2009; 20:902–
908. [PubMed: 19797966] 

Du Clos TW. Function of C-reactive protein. Annals of Medicine. 2000; 32:274–278. [PubMed: 
10852144] 

Dugue B, Ilardo C, Aimone-Gastin I, Gueant JL, Mouze-Amady M, Cnockaert JC, Mur JM, Grasbeck 
R. Cytokines in saliva. Basal concentrations and the effect of high ambient heat (sauna). Stress 
Medicine. 1996; 12:193–197.

Dunlap WP, Cortina JM, Vaslow JB, Burke MJ. Meta-analysis of experiments with matched groups or 
repeated measures designs. Psychological Methods. 1996; 1:170.

Edwards KM, Burns VE, Ring C, Carroll D. Sex differences in the interleukin-6 response to acute 
psychological stress. Biol Psychol. 2006; 71:236–239. [PubMed: 16098655] 

Engeland CG, Bosch JA, Cacioppo JT, Marucha PT. Mucosal wound healing: The roles of age and 
sex. Archives of Surgery. 2006; 141:1193–1197. [PubMed: 17178961] 

Engeland CG, Sabzehei B, Marucha PT. Sex hormones and mucosal wound healing. Brain, Behavior, 
and Immunity. 2009; 23:629–635.

Filaire E, Larue J, Portier H, Abed A, Graziella P-D, Teixeira A, Anne P. Lecturing to 200 students 
and its effects on cytokine concentration and salivary markers of adrenal activation. Stress and 
Health. 2010; 27:e25–e35.

Slavish et al. Page 25

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Floriano PN, Christodoulides N, Miller CS, Ebersole JL, Spertus J, Rose BG, Kinane DF, Novak MJ, 
Steinhubl S, Acosta S, Mohanty S, Dharshan P, Yeh CK, Redding S, Furmaga W, McDevitt JT. 
Use of saliva-based nano biochip tests for acute myocardial infarction at the point of care: A 
feasibility study. Clinical Chemistry. 2009; 55:1530–1538. [PubMed: 19556448] 

Goebel MU, Mills PJ, Irwin MR, Ziegler MG. Interleukin-6 and tumor necrosis factor-alpha 
production after acute psychological stress, exercise, and infused isoproterenol: Differential effects 
and pathways. Psychosomatic Medicine. 2000; 62:591–598. [PubMed: 10949106] 

Gonzales JR, Herrmann JM, Boedeker RH, Francz PI, Biesalski H, Meyle J. Concentration of 
interleukin-1beta and neutrophil elastase activity in gingival crevicular fluid during experimental 
gingivitis. Journal of Clinical Periodontology. 2001; 28:544–549. [PubMed: 11350521] 

Granger DA, Kivlighan KT, el-Sheikh M, Gordis EB, Stroud LR. Salivary alpha-amylase in 
biobehavioral research: Recent developments and applications. Annals of the New York Academy 
of Sciences. 2007; 1098:122–144. [PubMed: 17332070] 

Groer M, Murphy R, Bunnell W, Salomon K, Van Eepoel J, Rankin B, White K, Bykowski C. 
Salivary measures of stress and immunity in police officers engaged in simulated critical incident 
scenarios. Journal of Occupational & Environmental Medicine. 2010; 52:595–602. [PubMed: 
20523239] 

Groschl M, Kohler H, Topf HG, Rupprecht T, Rauh M. Evaluation of saliva collection devices for the 
analysis of steroids, peptides and therapeutic drugs. Journal of Pharmaceutical Biomedical 
Analysis. 2008; 47:478–486. [PubMed: 18325706] 

Guzmán C, Hallal-Calleros C, López-Griego L, Morales-Montor J. Interleukin-6: A cytokine with a 
pleiotropic role in the neuroimmunoendocrine network. The Open Neuroendocrinology Journal. 
2010; 3:152–160.

Hamer M, Williams E, Vuonovirta R, Giacobazzi P, Gibson EL, Steptoe A. The effects of effort-
reward imbalance on inflammatory and cardiovascular responses to mental stress. Psychosomatic 
Medicine. 2006; 68:408–413. [PubMed: 16738072] 

Hamer M, Williams E, Vuonovirta R, Giacobazzi P, Gibson EL, Steptoe A. The effects of effort-
reward imbalance on inflammatory and cardiovascular responses to mental stress. Psychosomatic 
Medicine. 2006; 68:408–413. [PubMed: 16738072] 

Hawkley, LC.; Bosch, JA.; Engeland, CG.; Cacioppo, JT.; Marucha, PT. Loneliness, dysphoria, stress, 
and immunity: A role for cytokines. In: Plotnikoff, NP.; Faith, RE.; Murgo, AJ., editors. Stress and 
Immunity. CRC Press; Boca Raton: 2007. p. 67-80.

Hedges LV. Distribution theory for glass’s estimator of effect size and related estimators. Journal of 
Educational and Behavioral Statistics. 1981; 6:107–128.

Heeschen C, Dimmeler S, Hamm CW, Fichtlscherer S, Boersma E, Simoons ML, Zeiher AM. Serum 
level of the antiinflammatory cytokine interleukin-10 is an important prognostic determinant in 
patients with acute coronary syndromes. Circulation. 2003; 107:2109–2114. [PubMed: 12668510] 

Heesen C, Schulz H, Schmidt M, Gold S, Tessmer W, Schulz KH. Endocrine and cytokine responses 
to acute psychological stress in multiple sclerosis. Brain, Behavior, and Immunity. 2002; 16:282–
287.

Heinz A, Hermann D, Smolka MN, Rieks M, Gräf K-J, Pöhlau D, Kuhn W, Bauer M. Effects of acute 
psychological stress on adhesion molecules, interleukins and sex hormones: Implications for 
coronary heart disease. Psychopharmacology. 2003; 165:111–117. [PubMed: 12417965] 

Heron KE, Smyth JM. Ecological momentary interventions: Incorporating mobile technology into 
psychosocial and health behaviour treatments. British Journal of Health Psychology. 2010; 15:1–
39. [PubMed: 19646331] 

Hirano T, Matsuda T, Turner M, Miyasaka N, Buchan G, Tang B, Sato K, Shimi M, Maid R, 
Feldmann M, Kishimoto T. Excessive production of interleukin 6/B cell stimulatory factor-2 in 
rheumatoid arthritis. European Journal of Immunology. 1988; 18:1797–1802. [PubMed: 2462501] 

Howren MB, Lamkin DM, Suls J. Associations of depression with C-reactive protein, IL-1β, and IL-6: 
A meta-analysis. Psychosomatic Medicine. 2009; 71:171–186. [PubMed: 19188531] 

Hoyer KK, Dooms H, Barron L, Abbas AK. Interleukin-2 in the development and control of 
inflammatory disease. Immunology Review. 2008; 226:19–28.

Slavish et al. Page 26

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Huang CJ, Webb HE, Evans RK, McCleod KA, Tangsilsat SE, Kamimori GH, Acevedo EO. 
Psychological stress during exercise: Immunoendocrine and oxidative responses. Experimental 
Biology and Medicine. 2010; 235:1498–1504. [PubMed: 21127346] 

Hubbard RE, O’Mahony MS, Savva GM, Calver BL, Woodhouse KW. Inflammation and frailty 
measures in older people. Journal of Cellular & Molecular Medicine. 2009; 13:3103–3109. 
[PubMed: 19438806] 

Hunter CA. New IL-12-family members: IL-23 and IL-27, cytokines with divergent functions. Nature 
Reviews Immunology. 2005; 5:521–531.

Hutchinson MR, Coats BD, Lewis SS, Zhang Y, Sprunger DB, Rezvani N, Baker EM, Jekich BM, 
Wieseler JL, Somogyi AA, Martin D, Poole S, Judd CM, Maier SF, Watkins LR. Proinflammatory 
cytokines oppose opioid-induced acute and chronic analgesia. Brain, Behavior, and Immunity. 
2008; 22:1178–1189.

Ilardo C, Toniolo A-M, Aimone-Gastin I, Abdelmouttaleb I, Guéant J-L, Desor D. Effects of psycho–
physical stress (competitive rafting) on saliva interleukin-1 beta. Stress and Health. 2001; 17:9–15.

Ito S, Bollard CM, Carlsten M, Melenhorst JJ, Biancotto A, Wang E, Chen J, Kotliarov Y, Cheung F, 
Xie Z, Marincola F, Tanimoto K, Battiwalla M, Olnes MJ, Perl S, Schum P, Hughes TE, 
Keyvanfar K, Hensel N, Muranski P, Young NS, Barrett AJ. Ultra-low dose interleukin-2 
promotes immune-modulating function of regulatory t cells and natural killer cells in healthy 
volunteers. Molecular Therapies. 2014

Izawa S, Sugaya N, Kimura K, Ogawa N, Yamada KC, Shirotsuki K, Mikami I, Hirata K, Nagano Y, 
Nomura S. An increase in salivary interleukin-6 level following acute psychosocial stress and its 
biological correlates in healthy young adults. Biological Psychology. 2013; 94:249–254. [PubMed: 
23831278] 

Kanamaru Y, Kikukawa A, Shimamura K. Salivary chromogranin-a as a marker of psychological 
stress during a cognitive test battery in humans. Stress. 2006; 9:127–131. [PubMed: 17060047] 

Kanegane C, Sgadari C, Kanegane H, Teruya-Feldstein J, Yao L, Gupta G, Farber JM, Liao F, Liu L, 
Tosato G. Contribution of the CXC chemokines IP-10 and mig to the antitumor effects of IL-12. 
Journal of Leukocyte Biology. 1998; 64:384–392. [PubMed: 9738666] 

Kaufman E, Lamster IB. The diagnostic applications of saliva— a review. Critical Reviews in Oral 
Biology & Medicine. 2002; 13:197–212. [PubMed: 12097361] 

Khairova RA, Machado-Vieira R, Du J, Manji HK. A potential role for pro-inflammatory cytokines in 
regulating synaptic plasticity in major depressive disorder. The International Journal of 
Neuropsychopharmacology. 2009; 12:561. [PubMed: 19224657] 

Khan A. Detection and quantitation of forty eight cytokines, chemokines, growth factors and nine 
acute phase proteins in healthy human plasma, saliva and urine. Journal of Proteomics. 2012; 
75:4802–4819. [PubMed: 22634087] 

Kindt, TJ.; Osborne, BA.; Goldsby, RA. Kuby Immunology. 6th ed. W. H. Freeman & Company; 
2006. 

Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, Hellhammer DH. Impact of gender, menstrual 
cycle phase, and oral contraceptives on the activity of the hypothalamus-pituitary-adrenal axis. 
Psychosomatic Medicine. 1999; 61:154–162. [PubMed: 10204967] 

Kirschbaum C, Pirke KM, Hellhammer DH. The ‘Trier Social Stress Test’- a tool for investigating 
psychobiological stress responses in a laboratory setting. Neuropsychobiology. 1993; 28:76–81. 
[PubMed: 8255414] 

Lester SR, Brown JR, Aycock JE, Grubbs SL, Johnson RB. Use of saliva for assessment of stress and 
its effect on the immune system prior to gross anatomy practical examinations. Anatomical 
Sciences Education. 2010; 3:160–167. [PubMed: 20607858] 

Maes M, Song C, Lin A, De JR, Van GA, Kenis G, Bosmans E, De MI, Benoy I, Neels H, Demedts P, 
Janca A, Scharpe S, Smith R. The effects of psychological stress on humans: Increased production 
of pro-inflammatory cytokines and a TH1-like response in stress-induced anxiety. Cytokine. 1998; 
10:313–318. [PubMed: 9617578] 

Mahmood AA, Ibrahim LM. Effects of the examination stress on periodontal health status and salivary 
IL-1β among Iraqi dental students. Journal of Baghdad College Dentistry. 2013; 24:72–78.

Slavish et al. Page 27

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Marnell L, Mold C, Du Clos TW. C-reactive protein: Ligands, receptors and role in inflammation. 
Clinical Immunology. 2005; 117:104–111. [PubMed: 16214080] 

Mastrolonardo M, Alicino D, Zefferino R, Pasquini P, Picardi A. Effect of psychological stress on 
salivary interleukin 1-β in psoriasis. Archives of Medical Research. 2007; 38:206–211. [PubMed: 
17227730] 

Matos-Gomes N, Katsurayama M, Makimoto FH, Santana LL, Paredes-Garcia E, Becker MA, Dos-
Santos MC. Psychological stress and its influence on salivary flow rate, total protein concentration 
and IgA, IgG and IgM titers. Neuroimmunomodulation. 2010; 17:396–404. [PubMed: 20516721] 

McDade TW, Williams S, Snodgrass JJ. What a drop can do: Dried blood spots as a minimally 
invasive method for integrating biomarkers into population-based research. Demography. 2007; 
44:899–925. [PubMed: 18232218] 

McEwen BS. Protective and damaging effects of stress mediators. New England Journal of Medicine. 
1998; 338:171–179. [PubMed: 9428819] 

McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis. Nature Reviews 
Immunology. 2007; 7:429–442.

Mika J, Zychowska M, Popiolek-Barczyk K, Rojewska E, Przewlocka B. Importance of glial 
activation in neuropathic pain. European Journal of Pharmacology. 2013; 716:106–119. [PubMed: 
23500198] 

Miller CS, Foley JD, Bailey AL, Campell CL, Humphries RL, Christodoulides N, Floriano PN, 
Simmons G, Bhagwandin B, Jacobson JW, Redding SW, Ebersole JL, McDevitt JT. Current 
developments in salivary diagnostics. Biomarkers in Medicine. 2010; 4:171–189. [PubMed: 
20387312] 

Miller G, Chen E, Zhou E. If it goes up, must it come down? Chronic stress and the hypothalamic-
pituitary-adrenocortical axis in humans. Psychological Bulletin. 2007; 133:25–45. [PubMed: 
17201569] 

Miller G, Rohleder N, Cole S. Chronic interpersonal stress predicts activation of pro- and anti-
inflammatory signaling pathways 6 months later. Psychosomatic Medicine. 2009; 71:57–62. 
[PubMed: 19073750] 

Miller GE, Rohleder N, Stetler C, Kirschbaum C. Clinical depression and regulation of the 
inflammatory response during acute stress. Psychosomatic Medicine. 2005; 67:679–687. 
[PubMed: 16204423] 

Minagar A, Shapshak P, Fujimura R, Ownby R, Heyes M, Eisdorfer C. The role of macrophage/
microglia and astrocytes in the pathogenesis of three neurologic disorders: HIV-associated 
dementia, alzheimer disease, and multiple sclerosis. Journal of the Neurological Sciences. 2002; 
202:13–23. [PubMed: 12220687] 

Minetto M, Rainoldi A, Gazzoni M, Terzolo M, Borrione P, Termine A, Saba L, Dovio A, Angeli A, 
Paccotti P. Differential responses of serum and salivary interleukin-6 to acute strenuous exercise. 
European Journal of Applied Physiology. 2005; 93:679–686. [PubMed: 15778897] 

Minetto MA, Gazzoni M, Lanfranco F, Baldi M, Saba L, Pedrola R, Komi PV, Rainoldi A. Influence 
of the sample collection method on salivary interleukin-6 levels in resting and post-exercise 
conditions. European Journal of Applied Physiology. 2007; 101:249–256. [PubMed: 17569075] 

Morris SB, DeShon RP. Combining effect size estimates in meta-analysis with repeated measures and 
independent-groups designs. Psychological Methods. 2002; 7:105. [PubMed: 11928886] 

Nakano Y, Nakamura S, Hirata M, Harada K, Ando K, Tabuchi T, Matunaga I, Oda H. Immune 
function and lifestyle of taxi drivers in Japan. Industrial Health. 1998; 36:32–39. [PubMed: 
9473856] 

Nater UM, Rohleder N. Salivary alpha-amylase as a non-invasive biomarker for the sympathetic 
nervous system: Current state of research. Psychoneuroendocrinology. 2009; 34:486–496. 
[PubMed: 19249160] 

Nater UM, Rohleder N, Gaab J, Berger S, Jud A, Kirschbaum C, Ehlert U. Human salivary alpha-
amylase reactivity in a psychosocial stress paradigm. International Journal of Psychophysiology. 
2005; 55:333–342. [PubMed: 15708646] 

Navazesh M. Methods for collecting saliva. Annals of the New York Academy of Sciences. 1993; 
694:72–77. [PubMed: 8215087] 

Slavish et al. Page 28

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Ng PY, Donley M, Hausmann E, Hutson AD, Rossomando EF, Scannapieco FA. Candidate salivary 
biomarkers associated with alveolar bone loss: Cross-sectional and in vitro studies. FEMS 
Immunol Med Microbiol. 2007; 49:252–260. [PubMed: 17328758] 

O’Connor MF, Bower JE, Cho HJ, Creswell JD, Dimitrov S, Hamby ME, Hoyt MA, Martin JL, 
Robles TF, Sloan EK, Thomas KS, Irwin MR. To assess, to control, to exclude: Effects of 
biobehavioral factors on circulating inflammatory markers. Brain, Behavior, and Immunity. 2009; 
23:887–897.

Ouellet-Morin I, Danese A, Williams B, Arseneault L. Validation of a high-sensitivity assay for c-
reactive protein in human saliva. Brain, Behavior, and Immunity. 2011; 25:640–646.

Out D, Hall RJ, Granger DA, Page GG, Woods SJ. Assessing salivary C-reactive protein: Longitudinal 
associations with systemic inflammation and cardiovascular disease risk in women exposed to 
intimate partner violence. Brain, Behavior, and Immunity. 2012; 26:543–551.

Ozkavaf A, Aras H, Huri CB, Mottaghian-Dini F, Tozum TF, Etikan I, Yamalik N, Caglayan F. 
Relationship between the quantity of gingival crevicular fluid and clinical periodontal status. 
Journal of Oral Science. 2000; 42:231–238. [PubMed: 11269382] 

Pace TWW, Mletzko TC, Alagbe O, Musselman DL, Nemeroff CB, Miller AH, Heim CM. Increased 
stress-induced plasma IL-6 levels and mononuclear cell NF-kappa B activation in patients with 
major depression and increased early life stress. American Journal of Psychiatry. 2006

Pradhan A, Manson J, Rifai N, Buring J, Ridker P. C-reactive protein, interleukin 6, and risk of 
developing Type 2 diabetes mellitus. Journal of the American Medical Association. 2001; 
286:327–334. [PubMed: 11466099] 

Punyadeera C, Dimeski G, Kostner K, Beyerlein P, Cooper-White J. One-step homogeneous C-
reactive protein assay for saliva. Journal of Immunological Methods. 2011; 373:19–25. [PubMed: 
21821037] 

Puts MT, Visser M, Twisk JW, Deeg DJ, Lips P. Endocrine and inflammatory markers as predictors of 
frailty. Clinical Endocrinology. 2005; 63:403–411. [PubMed: 16181232] 

Rahnama M, Jastrzebska I, Jamrogiewicz R, Kocki J. IL-1βalpha and IL-1βbeta levels in blood serum 
and saliva of menopausal women. Endocrine Research. 2013; 38:69–76. [PubMed: 22894561] 

Raison CL, Capuron L, Miller AH. Cytokines sing the blues: Inflammation and the pathogenesis of 
depression. Trends in Immunology. 2006; 27:24–31. [PubMed: 16316783] 

Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other markers of inflammation 
in the prediction of cardiovascular disease in women. The New England Journal of Medicine. 
2000; 342:836–843. [PubMed: 10733371] 

Riis JL, Out D, Dorn LD, Beal SJ, Denson LA, Pabst S, Jaedicke K, Granger DA. Salivary cytokines 
in healthy adolescent girls: Intercorrelations, stability, and associations with serum cytokines, 
age, and pubertal stage. Developmental Psychobiology. 2014; 56:797–811. [PubMed: 23868603] 

Rohleder N, Wolf JM, Piel M, Kirschbaum C. Impact of oral contraceptive use on glucocorticoid 
sensitivity of pro-inflammatory cytokine production after psychosocial stress. 
Psychoneuroendocrinology. 2003; 28:261–273. [PubMed: 12573295] 

Roupe van der Voort C, Heijnen CJ, Wulffraat N, Kuis W, Kavelaars A. Stress induces increases in 
IL-6 production by leucocytes of patients with the chronic inflammatory disease juvenile 
rheumatoid arthritis: A putative role for alpha(1)-adrenergic receptors. J Neuroimmunol. 2000; 
110:223–229. [PubMed: 11024553] 

Ruhl S, Hamberger S, Betz R, Sukkar T, Schmalz G, Seymour RA, Hiller KA, Thomason JM. Salivary 
proteins and cytokines in drug-induced gingival overgrowth. J Dent Res. 2004; 83:322–326. 
[PubMed: 15044507] 

Salmon-Ehr V, Ramont L, Godeau G, Birembaut P, Guenounou M, Bernard P, Maquart F-X. 
Implication of interleukin-4 in wound healing. Laboratory Investigation. 2000; 80:1337–1343. 
[PubMed: 10950124] 

Schapher M, Wendler O, Groschl M. Salivary cytokines in cell proliferation and cancer. Clinical 
Chimica Acta. 2011; 412:1740–1748.

Schulte HM, Bamberger CM, Elsen H, Herrmann G, Bamberger AM, Barth J. Systemic interleukin-1 
alpha and interleukin-2 secretion in response to acute stress and to corticotropin-releasing 

Slavish et al. Page 29

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hormone in humans. European Journal of Clinical Investigation. 1994; 24:773–777. [PubMed: 
7890016] 

Segerstrom SC. Personality and the immune system: Models, methods, and mechanisms. Annals of 
Behavioral Medicine. 2000; 22:180–190. [PubMed: 11126462] 

Segerstrom SC. Resources, stress, and immunity: An ecological perspective on human 
psychoneuroimmunology. Annals of Behavioral Medicine. 2010; 40:114–125. [PubMed: 
20526755] 

Sfikakis PP. The first decade of biologic TNF antagonists in clinical practice: Lessons learned, 
unresolved issues and future directions. Current Directions in Autoimmunity. 2010; 11:180–210. 
[PubMed: 20173395] 

Shaashua L, Rosenne E, Neeman E, Sorski L, Sominsky L, Matzner P, Page GG, Ben-Eliyahu S. 
Plasma IL-12 levels are suppressed in vivo by stress and surgery through endogenous release of 
glucocorticoids and prostaglandins but not catecholamines or opioids. 
Psychoneuroendocrinology. 2014; 42:11–23. [PubMed: 24636497] 

Shah N, Kammermeier J, Elawad M, Glocker EO. Interleukin-10 and interleukin-10-receptor defects 
in inflammatory bowel disease. Current Allergy and Asthma Reports. 2012; 12:373–379. 
[PubMed: 22890722] 

Shirtcliff EA, Granger DA, Schwartz E, Curran MJ. Use of salivary biomarkers in biobehavioral 
research: Cotton-based sample collection methods can interfere with salivary immunoassay 
results. Psychoneuroendocrinology. 2001; 26:165–173. [PubMed: 11087962] 

Smyth, JM.; Heron, KE. Health psychology. In: M. R. M. T. S. Conner. , editor. Handbook of research 
methods for studying daily life. The Guilford Press; New York: 2012. p. 569-584.

Souëf PNL, Goldblatt J, Lynch NR. Evolutionary adaptation of inflammatory immune responses in 
human beings. The Lancet. 2000; 356:242–244.

Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK. Exercise and IL-6 infusion inhibit 
endotoxin-induced TNF-alpha production in humans. The Journal of the Federation of American 
Societies for Experimental Biology. 2003; 17:884–886.

Steptoe A, Hamer M, Chida Y. The effects of acute psychological stress on circulating inflammatory 
factors in humans: A review and meta-analysis. Brain, Behavior, and Immunity. 2007; 21:901–
912.

Steptoe A, Owen N, Kunz-Ebrecht SR, Mohamed-Ali V. Inflammatory cytokines, socioeconomic 
status, and acute stress responsivity. Brain Behavior and Immunity. 2002; 16:774–784.

Steptoe, A.; Strike, P.; Magid, K.; Brydon, L.; Edwards, S.; Erusalimsky, J. Mental stress-induced 
platelet activation and increases in C-reactive protein concentration in coronary artery disease. 
In: Lewis, BS.; Halon, DA.; Flugelman, MY.; Gensini, GF., editors. Frontiers in coronary artery 
disease. Monduzzi Editore; Bologna: 2003. p. 429-432.

Steptoe A, Willemsen G, Owen N, Flower L, Mohamed-Ali V. Acute mental stress elicits delayed 
increases in circulating inflammatory cytokine levels. Clinical Science. 2001; 101:185–192. 
[PubMed: 11473494] 

Stoner L, Lucero AA, Palmer BR, Jones LM, Young JM, Faulkner J. Inflammatory biomarkers for 
predicting cardiovascular disease. Clinical Biochemistry. 2013

Suarez EC, Boyle SH, Lewis JG, Hall RP, Young KH. Increases in stimulated secretion of 
proinflammatory cytokines by blood monocytes following arousal of negative affect: The role of 
insulin resistance as moderator. Brain, Behavior, and Immunity. 2006; 20:331–338.

Thomas KS, Motivala S, Olmstead R, Irwin MR. Sleep depth and fatigue: Role of cellular 
inflammatory activation. Brain, Behavior, and Immunity. 2011; 25:53–58.

Tsujita S, Morimoto K. Secretory IgA in saliva can be a useful stress marker. Environmental Health 
and Preventive Medicine. 1999; 4:1–8. [PubMed: 21432164] 

Tuglu C, Kara SH, Caliyurt O, Vardar E, Abay E. Increased serum tumor necrosis factor-alpha levels 
and treatment response in major depressive disorder. Psychopharmacology. 2003; 170:429–433. 
[PubMed: 12955291] 

Usui T, Yoshikawa T, Ueda S.-y. Katsura Y, Orita K, Fujimoto S. Effects of acute prolonged 
strenuous exercise on the salivary stress markers and inflammatory cytokines. Journal of Physical 
Fitness Sports Medicine. 2012; 1:1–8.

Slavish et al. Page 30

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Veldhuijzen van Zanten JJCS, Ring C, Carroll D, Kitas GD. Increased C-reactive protein in response 
to acute stress in patients with rheumatoid arthritis. Annals of the Rheumatic Diseases. 2005; 
64:1299–1304. [PubMed: 15708880] 

von Kanel R, Kudielka BM, Preckel D, Hanebuth D, Fischer JE. Delayed response and lack of 
habituation in plasma interleukin-6 to acute mental stress in men. Brain, Behavior, and 
Immunity. 2005; 20:40–48.

Watford WT, Moriguchi M, Morinobu A, O’Shea JJ. The biology of IL-12: Coordinating innate and 
adaptive immune responses. Cytokine Growth Factor Review. 2003; 14:361–368.

Watkins LR, Hutchinson MR, Ledeboer A, Wieseler-Frank J, Milligan ED, Maier SF. Glia as the “bad 
guys”: Implications for improving clinical pain control and the clinical utility of opioids. Brain, 
Behavior, and Immunity. 2007; 21:131–146.

Watkins LR, Maier SF. Beyond neurons: Evidence that immune and glial cells contribute to 
pathological pain states. Physiological Reviews. 2002; 82:981–1011. [PubMed: 12270950] 

Williamson S, Munro C, Pickler R, Grap MJ, Elswick R. Comparison of biomarkers in blood and 
saliva in healthy adults. Nursing Research and Practice. 2012; 2012

Woods JA, Vieira VJ, Keylock KT. Exercise, inflammation, and innate immunity. Neurologic Clinics. 
2009; 29:381–393.

Yamakoshi T, Park S-B, Jang W-C, Kim K, Yamakoshi Y, Hirose H. Relationship between salivary 
chromogranin-A and stress induced by simulated monotonous driving. Medical & Biological 
Engineering & Computing. 2009; 47:449–456. [PubMed: 19194732] 

Yoon AJ, Cheng B, Philipone E, Turner R, Lamster IB. Inflammatory biomarkers in saliva: Assessing 
the strength of association of diabetes mellitus and periodontal status with the oral inflammatory 
burden. Journal of Clinical Periodontology. 2012; 39:434–440. [PubMed: 22420648] 

Zefferino R, Facciorusso A, Lasalvia M, Narciso M, Nuzzaco A, Lucchini R, L’Abbate N. Salivary 
markers of work stress in an emergency team of urban police (1 degree step). Giornale Italiano di 
Medicina del Lavoro ed Ergonomia. 2006; 28:472–477. [PubMed: 17380949] 

Slavish et al. Page 31

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 32

T
ab

le
 1

Su
m

m
ar

y 
of

 S
tu

di
es

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

Fi
la

ir
e 

et
 

al
., 

20
10

N
 =

 9
 u

ni
ve

rs
ity

pr
of

es
so

rs
 (

M
 =

12
.1

 ±
 1

.3
 y

ea
rs

of
 e

xp
er

ie
nc

e 
in

te
ac

hi
ng

 a
nd

le
ct

ur
in

g)
(m

al
es

: n
 =

 7
;

ag
e:

 M
 =

 4
2.

5 
±

2.
4 

ye
ar

s;
he

ig
ht

: M
 =

18
1.

0 
±

 3
.8

 c
m

;
w

ei
gh

t: 
M

 =
 8

1.
2

±
 2

.7
 k

g;
ex

pe
ri

en
ce

te
ac

hi
ng

: M
 =

12
.3

 ±
 1

.8
ye

ar
s)

(f
em

al
es

: n
 =

 2
;

ag
e:

 M
 =

 3
9.

2 
±

2.
5 

ye
ar

s;
he

ig
ht

: M
 =

16
7.

1 
±

 1
.5

cm
;

w
ei

gh
t: 

M
 =

 5
4.

2
±

 3
.0

 k
g;

ex
pe

ri
en

ce
te

ac
hi

ng
: M

 =
11

.9
 ±

 0
.8

ye
ar

s)

al
l h

ea
lth

y 
an

d 
fr

ee
of

 c
ar

di
ov

as
cu

la
r

an
d 

in
fl

am
m

at
or

y
di

se
as

es
, a

lle
rg

ie
s,

de
nt

al
 is

su
es

, a
nd

su
bs

ta
nc

e 
ab

us
e;

 n
o

w
om

en
 p

re
gn

an
t o

r
ta

ki
ng

 o
ra

l
co

nt
ra

ce
pt

iv
es

; n
o

ex
tr

em
e 

ph
ys

ic
al

ac
tiv

ity
 4

8 
ho

ur
s

pr
io

r;
 n

o 
sp

or
ts

, a
nt

i-
hi

st
am

in
es

, o
r 

an
ti-

in
fl

am
m

at
or

y 
m

ed
ic

at
io

n 
24

 
ho

ur
s

be
fo

re
 te

st
in

g;
re

sc
he

du
le

d 
if

in
fe

ct
io

n 
on

 te
st

 d
ay

;
no

 te
et

h-
br

us
hi

ng
be

fo
re

 m
or

ni
ng

sa
liv

a 
sa

m
pl

es
; n

o
sm

ok
in

g,
 e

at
in

g,
 o

r
al

co
ho

l, 
ca

ff
ei

ne
, o

r
fr

ui
t j

ui
ce

 6
0 

m
in

ut
es

be
fo

re
 s

am
pl

in
g

w
ith

in
-s

ub
je

ct
s

de
si

gn
: 2

 h
ou

r
le

ct
ur

e 
to

 2
00

st
ud

en
ts

 (
2nd

cl
as

s 
pe

ri
od

 o
f

th
e 

ye
ar

) 
vs

. a
co

nt
ro

l d
ay

w
ith

ou
t l

ec
tu

re

ri
gh

t b
ef

or
e

(1
0a

m
) 

, 0
m

in
ut

es
 a

ft
er

(1
2p

m
),

 1
20

m
in

ut
es

 a
ft

er
(2

pm
),

 8
 h

ou
rs

af
te

r 
(8

pm
) 

th
e

co
m

pl
et

io
n 

of
th

e 
st

re
ss

or
 o

r
th

e 
co

nt
ro

l
pe

ri
od

T
N

F-
α

, I
L

-1
0,

IL
-2

, a
nd

 I
L

-4
:

co
tto

n 
sw

ab
Sa

liv
et

te
s

(S
ar

st
ed

t C
o.

,
N

üm
br

ec
ht

,
G

er
m

an
y;

cy
to

m
et

ri
c

be
ad

 a
rr

ay
 k

it
(B

D
B

io
sc

ie
nc

es
Ph

ar
m

in
ge

n,
Sa

n 
D

ie
go

,
C

A
, U

SA
)

T
N

F-
α

: e
ff

ec
t f

or
 s

am
pl

in
g

tim
e 

[F
(3

, 2
4)

 =
 4

.7
; p

 =
.0

4,
 g

 =
 2

.5
3]

, w
ith

 h
ig

he
r

T
N

F-
α

 c
on

ce
nt

ra
tio

ns
 1

20
m

in
ut

es
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
le

ct
ur

e
co

m
pa

re
d 

w
ith

 p
re

-l
ec

tu
re

le
ve

ls
IL

-1
0:

 n
o 

ef
fe

ct
 f

or
 d

ay
 o

r
tim

e 
of

 s
am

pl
in

g
IL

-2
: e

ff
ec

t f
or

 s
am

pl
in

g
tim

e 
[F

(3
, 2

4)
 =

 5
.1

; p
 =

.0
5,

 g
 =

 1
.7

3]
, w

ith
 h

ig
he

r
IL

-2
 c

on
ce

nt
ra

tio
ns

 1
20

m
in

ut
es

 a
ft

er
 th

e
co

m
pl

et
io

n 
of

 th
e 

le
ct

ur
e

co
m

pa
re

d 
w

ith
 p

re
-l

ec
tu

re
le

ve
ls

IL
-4

: e
ff

ec
t o

f 
sa

m
pl

in
g

tim
e 

[F
(3

, 2
4)

 =
 4

,2
; p

 =
.0

4,
 g

 =
 1

.3
3]

, w
ith

 h
ig

he
r

IL
-4

 c
on

ce
nt

ra
tio

ns
 1

20
m

in
ut

es
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
le

ct
ur

e
co

m
pa

re
d 

w
ith

 p
re

-l
ec

tu
re

le
ve

ls

ve
ry

 s
m

al
l s

am
pl

e
si

ze
, p

ri
m

ar
ily

 m
en

;
no

 c
on

tr
ol

 f
or

m
en

st
ru

al
 s

ta
tu

s 
in

th
e 

tw
o 

w
om

en
;

st
re

ss
 p

ar
ad

ig
m

 n
ot

be
en

 v
al

id
at

ed
 in

pr
ev

io
us

 s
tu

di
es

;
pr

of
es

so
rs

 li
ke

ly
 o

f
un

if
or

m
ly

 h
ig

h 
SE

S
an

d 
th

us
 r

es
ul

ts
 m

ay
no

t b
e

ge
ne

ra
liz

ab
le

;
un

cl
ea

r 
to

 w
ha

t
de

gr
ee

 p
ar

tic
ip

an
ts

fo
un

d 
th

e
m

an
ip

ul
at

io
n

st
re

ss
fu

l

U
su

i e
t a

l.,
 

20
12

N
 =

 1
0

(a
ll 

m
al

es
; a

ge
:

M
 =

 2
3 

±
 3

ye
ar

s;
 h

ei
gh

t: 
M

=
 1

76
.4

 ±
 3

.4
 c

m
; b

od
y 

m
as

s
M

 =
 6

6.
8 

±
 7

.8
kg

; V
4 

O
2m

ax
 M

=
 4

9.
7 

±
 4

.8
m

l/k
g/

m
in

ut
e)

no
n-

sm
ok

er
s,

 a
ct

iv
e,

no
 r

es
pi

ra
to

ry
 o

r
an

ti-
in

fl
am

m
at

or
y

di
se

as
es

 (
in

cl
.

as
th

m
a)

; n
o 

re
ce

nt
ps

yc
ho

lo
gi

ca
l i

ss
ue

s
or

 tr
au

m
as

; n
o

de
nt

al
 is

su
es

; n
o

m
ed

ic
at

io
n 

us
e 

4
w

ee
ks

 p
ri

or
; n

o
ca

ff
ei

ne
 a

nd
 a

lc
oh

ol
24

 h
ou

rs
 b

ef
or

e 
ta

sk

w
ith

in
 s

ub
je

ct
s

de
si

gn
:

ex
er

ci
se

d 
on

re
cu

m
be

nt
er

go
m

et
er

 a
t

75
 %

 V
4 

O
2

m
ax

 f
or

 6
0

m
in

ut
es

(e
xe

rc
is

e
se

ss
io

n)
 o

r 
sa

t
re

ad
in

g 
or

w
ri

tin
g 

qu
ie

tly
(r

es
tin

g
se

ss
io

n)

0 
m

in
ut

es
be

fo
re

, 0
m

in
ut

es
 a

ft
er

,
60

 m
in

ut
es

af
te

r,
 1

20
m

in
ut

es
 a

ft
er

th
e 

co
m

pl
et

io
n

of
 th

e 
st

re
ss

or
or

 th
e 

co
nt

ro
l

pe
ri

od

T
N

F-
α

, I
L

-6
,

an
d 

IL
-1

β:
co

tto
n 

sw
ab

s;
E

L
IS

A
 k

its
(B

io
- 

R
ad

,
B

io
-P

le
x 

Pr
o

A
ss

ay
s,

 C
A

,
U

SA
).

T
N

F-
α

: e
ff

ec
ts

 o
f 

tim
e:

 a
t

ba
se

lin
e 

vs
. i

m
m

ed
ia

te
ly

af
te

r 
(p

 <
 .0

1,
 g

 =
 2

.0
5)

an
d 

60
 m

in
ut

es
 (

p 
<

 .0
5,

 g
=

 .7
7)

 a
ft

er
 th

e 
co

m
pl

et
io

n
of

 th
e 

st
re

ss
or

; e
ff

ec
t o

f
co

nd
iti

on
 c

on
tr

ol
 v

s.
 s

tr
es

s
im

m
ed

ia
te

ly
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
st

re
ss

or
,

(p
 <

 .0
1)

; l
ev

el
s 

pe
ak

im
m

ed
ia

te
ly

 a
ft

er
 th

e
co

m
pl

et
io

n 
of

 th
e 

st
re

ss
or

IL
-6

: e
ff

ec
t o

f 
tim

e:
 a

t
ba

se
lin

e 
vs

. i
m

m
ed

ia
te

ly
af

te
r 

(p
 <

 .0
1,

 g
 =

 1
.6

5)
an

d 
60

 m
in

ut
es

 (
p 

<
 .0

5,
 g

=
 .3

9)
 a

ft
er

 th
e 

co
m

pl
et

io
n

of
 th

e 
st

re
ss

or
; e

ff
ec

t o
f

se
ss

io
n:

 c
on

tr
ol

 v
s.

 s
tr

es
s

ve
ry

 s
m

al
l s

am
pl

e
si

ze
; n

o 
fe

m
al

e
pa

rt
ic

ip
an

ts

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 33

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

im
m

ed
ia

te
ly

 a
ft

er
 (

p 
<

 .0
1)

;
an

d 
60

 m
in

ut
es

 (
p 

<
 .0

5)
af

te
r 

th
e 

co
m

pl
et

io
n 

of
 th

e
st

re
ss

or
; l

ev
el

s 
pe

ak
 a

t
im

m
ed

ia
te

ly
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
st

re
ss

or
IL

-1
β:

 e
ff

ec
t o

f 
tim

e:
 a

t
ba

se
lin

e 
vs

. i
m

m
ed

ia
te

ly
af

te
r 

(p
 <

 .0
1,

 d
 =

 9
.6

9)
an

d 
60

 m
in

ut
es

 a
ft

er
 (

p 
<

.0
5,

 g
 =

 3
.0

3)
 th

e
co

m
pl

et
io

n 
of

 th
e 

st
re

ss
or

;
ef

fe
ct

 o
f 

se
ss

io
n:

 c
on

tr
ol

vs
. s

tr
es

s 
im

m
ed

ia
te

ly
af

te
r 

(p
 <

 .0
1)

 a
nd

 6
0

m
in

ut
es

 a
ft

er
 (

p 
<

 .0
5)

 th
e

co
m

pl
et

io
n 

of
 th

e 
st

re
ss

or
;

le
ve

ls
 p

ea
k 

im
m

ed
ia

te
ly

af
te

r 
th

e 
co

m
pl

et
io

n 
of

 th
e

st
re

ss
or

D
ug

ue
 e

t 
al

., 
19

96
N

 =
 1

4
(m

al
es

: n
 =

 6
,

22
-3

8 
ye

ar
s,

M
 =

 3
3.

8 
ye

ar
s)

(f
em

al
es

: n
 =

 8
;

ag
e 

30
-3

9
ye

ar
s,

 M
 =

 3
5.

1
ye

ar
s)

pa
rt

ic
ip

an
ts

 w
er

e
“s

ub
je

ct
iv

el
y

he
al

th
y”

w
ith

in
 s

ub
je

ct
s

de
si

gn
:

st
re

ss
co

nd
iti

on
: 1

5
m

in
ut

es
 r

es
t

pe
ri

od
 a

nd
 th

en
10

 m
in

ut
es

sa
un

a
ex

po
su

re
(9

0°
C

, ,
 4

0%
hu

m
id

ity
)

co
nt

ro
l

co
nd

iti
on

:
re

st
in

g 
pe

ri
od

s
fo

r 
15

 m
in

ut
es

an
d 

th
en

 a
n

ad
di

tio
na

l 3
0

m
in

ut
es

st
re

ss
co

nd
iti

on
: 0

m
in

ut
es

 a
ft

er
re

st
 p

er
io

d
an

d 
0 

m
in

ut
es

af
te

r
co

m
pl

et
io

n 
of

th
e 

sa
un

a
ex

po
su

re
co

nt
ro

l
co

nd
iti

on
: 0

m
in

ut
es

 a
ft

er
th

e 
co

m
pl

et
io

n
of

 th
e 

fi
rs

t r
es

t
pe

ri
od

 a
nd

 0
m

in
ut

es
 a

ft
er

th
e 

co
m

pl
et

io
n

of
 th

e 
se

co
nd

re
st

 p
er

io
d

T
N

F-
α

, I
L

-6
,

IL
-1

β,
 a

nd
 I

L
-

2:
 S

al
iv

et
te

s;
E

L
IS

A
 k

its
(I

m
m

un
ot

ec
h,

L
um

in
y,

Fr
an

ce
)

T
N

F-
α

: t
en

de
nc

y 
to

in
cr

ea
se

 a
ft

er
 c

om
pl

et
io

n
of

 th
e 

sa
un

a 
st

re
ss

or
;

st
at

is
tic

al
ly

 s
ig

ni
fi

ca
nt

in
cr

ea
se

 in
 th

e 
m

al
es

 (
p 

<
.0

5,
 g

 =
 .1

2)
IL

-6
: d

et
ec

ta
bl

e 
in

 o
nl

y 
60

pe
rc

en
t o

f
th

e 
sp

ec
im

en
s

in
ve

st
ig

at
ed

IL
-1

β:
 s

ho
w

ed
 a

 te
nd

en
cy

(p
 =

 .1
1)

 to
 in

cr
ea

se
 a

ft
er

th
e 

co
m

pl
et

io
n 

of
 th

e
sa

un
a 

st
re

ss
or

 a
s

co
m

pa
re

d 
to

 b
as

el
in

e
IL

-2
: l

ev
el

s 
no

t d
et

ec
ta

bl
e

ve
ry

 s
m

al
l s

am
pl

e
si

ze
; n

o 
ob

je
ct

iv
e

m
ea

su
re

m
en

t o
f

he
al

th
 s

ta
tu

s;
 n

o
co

nt
ro

l f
or

pe
ri

od
on

ta
l h

ea
lth

 in
al

l p
ar

tic
ip

an
ts

; n
o

co
nt

ro
l f

or
 m

en
st

ru
al

cy
cl

e 
an

d 
ho

rm
on

al
co

nt
ra

ce
pt

iv
es

 in
fe

m
al

e 
pa

rt
ic

ip
an

ts
;

st
re

ss
 p

ar
ad

ig
m

 h
as

no
t b

ee
n 

va
lid

at
ed

;
on

ly
 o

ne
 p

os
t-

st
im

ul
us

sa
liv

a
sa

m
pl

e 
ta

ke
n 

so
on

af
te

r 
th

e 
st

re
ss

or

G
ro

er
 e

t a
l.,

 
20

10
N

 =
 1

41
(n

 =
 2

7 
fe

m
al

e)
,

M
 =

 3
7 

ye
ar

s 
ol

d
(r

an
ge

, 2
2–

64
ye

ar
s)

;
“m

ot
or

cy
cl

e
sc

en
ar

io
” 

(n
 =

49
),

 “
w

or
kp

la
ce

sc
en

ar
io

” 
(n

 =
92

)

m
aj

or
ity

 o
f 

th
e

of
fi

ce
rs

 h
ad

 >
3

ye
ar

s 
or

 m
or

e 
of

po
lic

e 
ex

pe
ri

en
ce

;
tw

o 
gr

ou
ps

 w
er

e
co

m
pa

ra
bl

e 
on

de
m

og
ra

ph
ic

va
ri

ab
le

s

be
tw

ee
n

su
bj

ec
ts

de
si

gn
: t

w
o

vi
rt

ua
l r

ea
lit

y
sc

en
ar

io
s:

m
ot

or
cy

cl
e

ch
as

e 
(2

m
in

ut
es

) 
an

d
w

or
kp

la
ce

 g
un

co
nf

ro
nt

at
io

n 
(6

m
in

ut
es

)
sc

en
ar

io
s

0 
m

in
ut

es
be

fo
re

, 1
0 

an
d

30
 m

in
ut

es
af

te
r

co
m

pl
et

io
n 

of
th

e 
st

re
ss

or

IL
-6

: p
as

si
ve

dr
oo

l E
L

IS
A

(e
B

io
sc

ie
nc

e,
Sa

n 
D

ie
go

,
C

A
)

IL
-6

: s
ig

ni
fi

ca
nt

 in
cr

ea
se

 a
t

10
 m

in
ut

es
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
st

re
ss

or
in

 th
e 

w
or

kp
la

ce
 g

ro
up

 (
t =

2.
02

, p
 =

 . 
05

, g
 =

 .1
6)

sm
al

le
r 

pr
op

or
tio

n 
of

w
om

en
 th

an
 m

en
;

no
 c

on
tr

ol
 f

or
pe

ri
od

on
ta

l h
ea

lth
;

no
 c

on
tr

ol
 f

or
m

en
st

ru
al

 c
yc

le
 a

nd
ho

rm
on

al
co

nt
ra

ce
pt

io
n 

in
fe

m
al

es
; s

am
pl

es
on

ly
 ta

ke
n 

up
 to

 3
0

m
in

ut
es

 p
os

t-
st

re
ss

or
; v

ir
tu

al

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 34

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

re
al

ity
 s

im
ul

at
io

n 
no

t
w

el
l-

va
lid

at
ed

 a
nd

m
ay

 n
ot

 h
av

e 
be

en
co

ns
id

er
ed

 s
tr

es
sf

ul

M
in

et
to

 e
t 

al
., 

20
05

N
 =

 1
7

sp
in

ni
ng

 a
ct

iv
ity

:
n 

=
7 

en
du

ra
nc

e-
tr

ai
ne

d 
at

hl
et

es
;

ag
e 

M
 =

 2
9.

5 
±

8.
0 

ye
ar

s;
42

.9
%

 f
em

al
e,

 n
=

 3
)

is
ok

in
et

ic
ac

tiv
ity

: n
 =

 1
0

at
hl

et
es

 o
f

di
ff

er
en

t
di

sc
ip

lin
es

; a
ge

M
 =

 2
7.

0 
±

 6
.9

ye
ar

s;
 a

ll 
m

al
es

co
m

pl
et

e 
m

ed
ic

al
ex

am
 p

er
fo

rm
ed

; n
o

in
te

ns
e 

ph
ys

ic
al

ac
tiv

ity
 f

or
 2

4 
h

be
fo

re
 th

e 
st

ud
y

be
tw

ee
n

su
bj

ec
ts

de
si

gn
: 7

en
du

ra
nc

e
at

hl
et

es
 d

id
co

nt
ro

lle
d

sp
in

ni
ng

ac
tiv

ity
 f

or
 3

ho
ur

s;
 1

0
at

hl
et

es
 f

ro
m

di
ff

er
en

t
di

sc
ip

lin
es

 d
id

is
ok

in
et

ic
ex

er
ci

se
 te

st
 o

n
a 

C
yb

ex
 6

00
0

de
vi

ce
 (

C
yb

ex
,

D
iv

is
io

n 
of

L
um

ex
,

R
on

ko
nk

om
a,

U
SA

)

sp
in

ni
ng

ac
tiv

ity
: 1

5
an

d 
5 

m
in

ut
es

be
fo

re
, a

nd
 0

m
in

ut
es

 a
ft

er
co

m
pl

et
io

n 
of

th
e 

ex
er

ci
se

is
ok

in
et

ic
ac

tiv
ity

: 1
5

an
d 

5 
m

in
ut

es
be

fo
re

 th
e

w
ar

m
-u

p,
 0

m
in

ut
es

 a
ft

er
th

e 
co

m
pl

et
io

n
of

 th
e 

ex
er

ci
se

ac
tiv

ity
, a

nd
 7

,
15

, 3
0,

 4
5,

 6
0,

90
 a

nd
 1

20
m

in
ut

es
 a

ft
er

co
m

pl
et

io
n

IL
-6

:
Sa

liv
et

te
s

(S
ar

st
ed

t,
N

um
br

ec
ht

,
G

er
m

an
y)

;
E

L
IS

A
(Q

ua
nt

ik
in

e
H

ig
h

Se
ns

iti
vi

ty
hu

m
an

 I
L

-6
im

m
un

oa
ss

ay
,

R
&

D
 S

ys
te

m
s)

an
d

im
m

un
or

ad
io

m
et

ri
c 

as
sa

y
(I

R
M

A
;

B
io

so
ur

ce
-

E
ur

op
e,

N
iv

el
le

s,
B

el
gi

um
)

IL
-6

: n
ot

 d
et

ec
ta

bl
e 

in
IM

R
A

 m
et

ho
ds

; f
or

 th
e

is
ok

in
et

ic
 te

st
 s

al
iv

ar
y

le
ve

ls
 o

nl
y 

sh
ow

ed
 a

 n
on

-
si

gn
if

ic
an

t i
nc

re
as

e
im

m
ed

ia
te

ly
 a

ft
er

 th
e

co
m

pl
et

io
n 

of
 th

e 
te

st
;

sa
liv

ar
y 

an
d 

se
ru

m
 le

ve
ls

w
er

e 
no

t c
or

re
la

te
d 

at
 a

ny
tim

e 
po

in
t

ve
ry

 s
m

al
l s

am
pl

e
si

ze
; n

o 
co

nt
ro

l f
or

pe
ri

od
on

ta
l h

ea
lth

;
no

 c
on

tr
ol

 f
or

m
en

st
ru

al
 c

yc
le

 a
nd

ho
rm

on
al

co
nt

ra
ce

pt
io

n 
in

fe
m

al
es

M
in

et
to

 e
t 

al
., 

20
07

N
 =

15
 e

lit
e

at
hl

et
es

(a
ll 

m
al

e)
m

ed
ia

n 
ag

e 
=

23
 y

ea
rs

,
m

ed
ia

n 
w

ei
gh

t =
70

 k
g

no
ne

 o
f 

th
e 

su
bj

ec
ts

w
as

 a
 c

ur
re

nt
sm

ok
er

 o
r 

ta
ki

ng
an

y 
m

ed
ic

at
io

n;
 n

o
ex

er
ci

se
 2

4 
ho

ur
s

be
fo

re
 e

xp
er

im
en

ts

w
ith

in
 s

ub
je

ct
s

de
si

gn
: (

on
ly

th
e 

at
hl

et
es

co
m

pl
et

ed
 th

e
ex

er
ci

se
 ta

sk
,

w
hi

ch
 w

as
 1

5
m

in
ut

es
 w

ar
m

-
up

 c
yc

lin
g 

an
d

th
re

e 
is

om
et

ri
c

m
ax

im
al

vo
lu

nt
ar

y
co

nt
ra

ct
io

ns
 o

f
th

e 
kn

ee
ex

te
ns

or
s;

 th
en

16
0 

is
om

et
ri

c
co

nt
ra

ct
io

ns
 o

f
th

e 
kn

ee
ex

te
ns

or
m

us
cl

e
co

m
pl

et
ed

 in
~2

5 
m

in
ut

es

al
l s

am
pl

es
co

lle
ct

ed
be

tw
ee

n 
10

am
an

d 
1p

m
; 0

m
in

ut
es

be
fo

re
ex

er
ci

se
 (

in
 a

ll
32 pa

rt
ic

ip
an

ts
),

an
d 

th
en

 0
m

in
ut

es
 a

ft
er

,
an

d 
30

, 6
0,

90
, a

nd
 1

20
m

in
ut

es
 a

ft
er

co
m

pl
et

io
n 

of
th

e 
st

re
ss

or
(i

n 
th

e
at

hl
et

es
)

IL
-6

: p
as

si
ve

dr
oo

l a
nd

Sa
liv

et
te

s
(S

ar
st

ed
t,

N
um

br
ec

ht
,

G
er

m
an

y)
;

E
L

IS
A

(Q
ua

nt
ik

in
e

H
ig

h
Se

ns
iti

vi
ty

hu
m

an
 I

L
-6

im
m

un
oa

ss
ay

,
R

&
D

 S
ys

te
m

s,
A

bi
ng

do
n,

U
K

)

IL
-6

: l
ev

el
s 

pe
ak

im
m

ed
ia

te
ly

 a
ft

er
 th

e
co

m
pl

et
io

n 
of

 th
e 

st
re

ss
or

(s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

fr
om

 b
as

el
in

e,
 p

 <
 .0

5)
 a

nd
re

tu
rn

 to
 b

as
el

in
e 

by
 1

20
m

in
ut

es
; n

o 
si

gn
if

ic
an

t
co

rr
el

at
io

n 
be

tw
ee

n 
se

ru
m

an
d 

sa
liv

ar
y 

le
ve

ls
; c

ot
to

n-
in

te
rf

er
en

ce
 e

ff
ec

t w
ith

co
tto

n 
Sa

liv
et

te
s,

 p
as

si
ve

dr
oo

l m
or

e 
ac

cu
ra

te

sm
al

l s
am

pl
e 

si
ze

;
no

 f
em

al
e 

at
hl

et
e

pa
rt

ic
ip

an
ts

; n
o

co
nt

ro
l f

or
pe

ri
od

on
ta

l h
ea

lth
;

no
 c

on
tr

ol
 f

or
m

en
st

ru
al

 c
yc

le
 a

nd
ho

rm
on

al
co

nt
ra

ce
pt

io
n 

in
fe

m
al

es

L
es

te
r 

et
 a

l.,
 

20
10

N
 =

 3
6 

fi
rs

t y
ea

r
un

de
rg

ra
du

at
e

st
ud

en
ts

(m
al

es
: n

 =
2,

ag
e 

=
 2

1–
22

ye
ar

s)

ex
cl

ud
ed

 if
pr

eg
na

nt
; n

o 
ea

tin
g

or
 d

ri
nk

in
g 

on
e 

ho
ur

be
fo

re
 s

al
iv

a
sa

m
pl

in
g

w
ith

in
 s

ub
je

ct
s

de
si

gn
: 1

ba
se

lin
e 

pe
ri

od
an

d 
3 

tim
ed

an
at

om
y

pr
ac

tic
al

 e
xa

m
s

al
l s

am
pl

es
co

lle
ct

ed
be

tw
ee

n 
12

:3
0

an
d 

1:
00

 p
m

at
 a

 b
as

el
in

e
tim

e 
po

in
t (

tw
o

IL
-6

 a
nd

 I
L

-1
2:

pa
ss

iv
e 

dr
oo

l;
E

L
IS

A
 (

R
&

D
Sy

st
em

s,
M

in
ne

ap
ol

is
,

M
N

)

IL
-6

: i
nc

re
as

e 
fr

om
 th

e 
fi

rs
t

to
 th

e 
th

ir
d 

te
st

 (
p 

<
 .0

5)
IL

-2
: i

nc
re

as
e 

fr
om

 th
e 

fi
rs

t
to

 th
e 

th
ir

d 
te

st
 (

p 
<

 .0
5)

IL
-1

2:
 in

cr
ea

se
 f

ro
m

 th
e

fi
rs

t t
o 

th
e 

th
ir

d 
te

st
 (

p 
<

sm
al

l s
am

pl
e 

si
ze

;
no

 c
on

tr
ol

 f
or

pe
ri

od
on

ta
l h

ea
lth

 in
al

l p
ar

tic
ip

an
ts

; n
o

co
nt

ro
l f

or
 m

en
st

ru
al

cy
cl

e 
an

d 
ho

rm
on

al

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 35

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

(f
em

al
es

: n
 =

34
, a

ge
 =

 2
0–

35
ye

ar
s)

~3
 w

ee
ks

ap
ar

t
w

ee
ks

 b
ef

or
e

th
e 

fi
rs

t t
es

t)
an

d 
th

en
w

ith
in

 6
0

m
in

ut
es

 p
ri

or
to

 e
ac

h 
of

 th
e

th
re

e 
ex

am
s,

ea
ch

 ~
3

w
ee

ks
 a

pa
rt

.0
5)

co
nt

ra
ce

pt
io

n 
in

fe
m

al
es

; s
am

pl
es

on
ly

 ta
ke

n 
at

 o
ne

tim
e 

po
in

t d
ur

in
g 

th
e

ex
am

 s
tr

es
so

rs

Il
ar

do
 e

t a
l.,

 
20

01
N

 =
 3

0 
no

rm
al

he
al

th
y

in
di

vi
du

al
s

(m
al

es
: n

 =
 2

0,
ag

e 
=

 2
0-

28
, M

=
 2

0.
1 

ye
ar

s)
(f

em
al

es
: n

 =
10

, a
ge

 =
 1

9-
23

,
M

 =
 2

1.
2 

ye
ar

s)

ex
cl

ud
ed

 if
: h

is
to

ry
of

 p
sy

ch
ol

og
ic

al
di

so
rd

er
s,

 c
hr

on
ic

ill
ne

ss
, o

ng
oi

ng
m

ed
ic

al
 tr

ea
tm

en
t,

re
gu

la
r 

dr
ug

 in
ta

ke
,

al
co

ho
l u

se
 o

r
sm

ok
in

g

w
ith

in
 s

ub
je

ct
s

de
si

gn
: r

af
tin

g
co

m
pe

tit
io

n;
su

bj
ec

ts
 w

er
e

as
si

gn
ed

 to
 s

ix
-

m
em

be
r 

ra
ft

in
g

te
am

s 
an

d
pa

dd
le

d 
fo

r 
an

av
er

ag
e 

tim
e 

of
1 

ho
ur

0 
m

in
ut

es
be

fo
re

 (
at

2p
m

) 
an

d 
0

m
in

ut
es

 a
ft

er
(a

t 3
pm

) 
th

e
co

m
pl

et
io

n 
of

th
e 

fi
rs

t o
ne

-
ho

ur
 tr

ai
ni

ng
se

ss
io

n 
on

da
y 

1;
 0

m
in

ut
es

be
fo

re
 (

at
10

am
) 

an
d 

0
m

in
ut

es
 a

ft
er

(a
t 1

1a
m

) 
th

e
co

m
pl

et
io

n 
of

th
e 

se
co

nd
on

e-
ho

ur
tr

ai
ni

ng
se

ss
io

n 
on

da
y 

2;
 a

nd
 0

m
in

ut
es

be
fo

re
 (

at
3p

m
) 

an
d 

0
m

in
ut

es
 a

ft
er

(a
t 4

pm
) 

th
e

co
m

pl
et

io
n 

of
a 

on
e-

ho
ur

co
m

pe
tit

iv
e

ra
ft

in
g 

se
ss

io
n

on
 d

ay
 3

; t
w

o
sa

m
pl

es
 a

ls
o

co
lle

ct
ed

 a
t

8a
m

 &
 6

pm
 o

n
ea

ch
 d

ay

IL
-1

β:
Sa

liv
et

te
s

(S
ar

st
ed

t,
G

er
m

an
y)

;
E

L
IS

A
(I

m
m

un
ot

ec
h,

L
um

in
y,

Fr
an

ce
)

IL
-1

β:
 c

on
ce

nt
ra

tio
n

si
gn

if
ic

an
tly

 h
ig

he
r 

in
m

al
es

 (
12

.6
 p

m
ol

/l)
 th

an
 in

fe
m

al
es

 (
5.

1 
pm

ol
/l)

 a
ft

er
th

e 
co

m
pl

et
io

n 
of

 th
e

co
m

pe
tit

io
n 

pe
ri

od
 (

z 
=

1.
96

, p
 <

 .0
5)

; s
ig

ni
fi

ca
nt

in
cr

ea
se

 a
ft

er
 th

e
co

m
pl

et
io

n 
of

 th
e 

on
e 

ho
ur

co
m

pe
tit

iv
e 

ra
ft

in
g 

in
 b

ot
h

se
xe

s 
(p

 <
 .0

5)

sm
al

l s
am

pl
e 

si
ze

;
no

 s
cr

ee
ni

ng
 f

or
pe

ri
od

on
ta

l h
ea

lth
 in

al
l p

ar
tic

ip
an

ts
; n

o
co

nt
ro

l f
or

 m
en

st
ru

al
cy

cl
e 

an
d 

ho
rm

on
al

co
nt

ra
ce

pt
io

n 
in

fe
m

al
es

; n
on

-
va

lid
at

ed
 s

tr
es

so
r

pa
ra

di
gm

; o
nl

y 
on

e
sa

m
pl

e 
w

as
 ta

ke
n

im
m

ed
ia

te
ly

 p
os

t-
ta

sk
; u

nc
le

ar
w

he
th

er
 p

ar
tic

ip
an

ts
ha

d 
an

y 
pr

ev
io

us
ex

pe
ri

en
ce

 w
ith

ra
ft

in
g

Z
ef

fe
ri

no
 e

t 
al

., 
20

06
N

 =
 3

0
em

er
ge

nc
y

po
lic

em
en

(a
ll 

m
al

es
: a

ge
M

 =
 4

4.
5 

±
 5

.8
ye

ar
s;

ex
pe

ri
en

ce
 M

 =
17

.1
 ±

 6
.4

no
 m

en
tio

n 
of

ex
cl

us
io

n 
cr

ite
ri

a;
 n

o
ea

tin
g 

or
 d

ri
nk

in
g

(e
xc

ep
t f

or
 w

at
er

) 
1

ho
ur

 b
ef

or
e 

sa
liv

a
co

lle
ct

io
n

w
ith

in
 s

ub
je

ct
s

de
si

gn
:

em
er

ge
nc

y
w

or
k 

sh
if

t v
s.

co
nt

ro
l v

ac
at

io
n

pe
ri

od

at
 th

e
be

gi
nn

in
g 

an
d

en
d 

of
 th

e
co

m
pl

et
io

n 
of

a 
w

or
k 

sh
if

t
(8

am
 a

nd
1:

30
pm

,
re

sp
ec

tiv
el

y)

IL
-1

β:
Sa

liv
et

te
s

(S
al

iv
et

te
-

Sa
rs

te
dt

);
E

L
IS

A
(R

oc
he

)

IL
-1

β:
 c

on
ce

nt
ra

tio
ns

hi
gh

er
 a

t t
he

 b
eg

in
ni

ng
 o

f
th

e 
sh

if
t t

ha
n 

at
 th

e 
en

d,
 (

p
<

 .0
5,

 g
 =

 .3
5)

; n
on

-
si

gn
if

ic
an

t t
re

nd
 f

or
 I

L
-1

β
re

du
ct

io
n 

du
ri

ng
 th

e
va

ca
tio

n 
pe

ri
od

 c
om

pa
re

d
to

 w
or

k 
sh

if
t p

er
io

d

sm
al

l s
am

pl
e 

si
ze

;
no

 s
cr

ee
ni

ng
 f

or
pe

ri
od

on
ta

l h
ea

lth
 in

al
l p

ar
tic

ip
an

ts
; n

o
fe

m
al

e 
pa

rt
ic

ip
an

ts
;

pa
rt

ic
ip

an
ts

 m
ay

 n
ot

ha
ve

 s
ee

n 
th

e 
w

or
k

da
y 

si
tu

at
io

n 
as

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 36

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

ye
ar

s)
or

 a
t t

he
 s

am
e

tim
es

 d
ur

in
g

th
e 

va
ca

tio
n

pe
ri

od

pa
rt

ic
ul

ar
ly

 s
tr

es
sf

ul

C
am

pi
si

 e
t 

al
. 2

01
2

N
 =

 1
5 

he
al

th
y

co
lle

ge
un

de
rg

ra
du

at
es

(m
al

es
: n

 =
 4

,
ag

e 
=

 1
8-

22
)

(f
em

al
es

: n
 =

11
, a

ge
 =

 1
8-

22
)

no
 c

hr
on

ic
 o

r
ac

ut
e 

ill
ne

ss
(i

nc
lu

di
ng

pe
ri

od
on

ta
l

di
se

as
e)

, n
o 

re
gu

la
r

m
ed

ic
at

io
n

(w
ith

 th
e 

ex
ce

pt
io

n
of

 c
on

tr
ac

ep
tiv

es
);

go
od

 h
ea

lth
 p

ri
or

 to
st

ud
y;

 n
o 

ex
er

ci
se

,
m

ea
ls

, o
r 

be
ve

ra
ge

s
at

 le
as

t 1
h 

pr
io

r 
to

st
ud

y

w
ith

in
 s

ub
je

ct
s

de
si

gn
: T

ri
er

So
ci

al
 S

tr
es

s
T

es
t

0 
m

in
ut

es
be

fo
re

st
re

ss
or

, a
nd

0 
m

in
ut

es
af

te
r 

an
d 

30
m

in
ut

es
 a

ft
er

th
e 

co
m

pl
et

io
n

of
 th

e 
st

re
ss

or

C
R

P:
Sa

liv
et

te
s

(S
ar

st
ed

t,
N

ew
to

n,
 N

C
);

E
L

IS
A

(S
al

im
et

ri
cs

,
St

at
e 

C
ol

le
ge

,
PA

)

C
R

P:
 n

o 
st

at
is

tic
al

ly
si

gn
if

ic
an

t d
if

fe
re

nc
es

 in
le

ve
ls

 b
et

w
ee

n 
ea

ch
 ti

m
e

po
in

t o
f 

sa
m

pl
in

g

ve
ry

 s
m

al
l s

am
pl

e
si

ze
; n

o 
co

nt
ro

l f
or

pe
ri

od
on

ta
l h

ea
lth

 in
al

l p
ar

tic
ip

an
ts

; n
o

co
nt

ro
l f

or
 m

en
st

ru
al

cy
cl

e 
an

d 
ho

rm
on

al
co

nt
ra

ce
pt

io
n 

in
fe

m
al

es
; s

am
pl

es
on

ly
 ta

ke
n 

30
m

in
ut

es
 p

os
t-

st
re

ss
or

M
as

tr
o-

lo
na

rd
o 

et
 

al
. 2

00
7

N
 =

 5
0 

(a
s 

pa
rt

of
 a

 la
rg

er
 s

tu
dy

on
 th

os
e 

w
ith

an
d 

w
ith

ou
t

ps
or

ia
si

s;
 o

nl
y

co
nt

ro
ls

 u
se

d 
in

th
is

 r
ev

ie
w

)
ag

e-
 a

nd
 s

ex
-

m
at

ch
ed

 h
ea

lth
y

co
nt

ro
ls

: 2
2 

m
en

an
d 

28
 w

om
en

;
ag

e 
M

 =
 3

9.
8 

±
10

.6
)

co
nt

ro
ls

: m
at

ch
ed

fo
r 

ag
e,

 s
ex

,
ed

uc
at

io
na

l l
ev

el
,

sm
ok

in
g 

ha
bi

ts
,

an
d 

us
e 

of
 o

ra
l

co
nt

ra
ce

pt
iv

es
; n

o
ex

er
ci

se
, s

m
ok

in
g,

al
co

ho
l, 

or
 e

at
in

g 
fo

r
at

 le
as

t 1
 h

 b
ef

or
e

th
e 

se
ss

io
n

be
tw

ee
n

su
bj

ec
ts

de
si

gn
: 5

-
m

in
ut

e
re

la
xa

tio
n

pe
ri

od
, t

w
o

st
re

ss
fu

l t
as

ks
(m

en
ta

l m
at

h
an

d 
St

ro
op

C
ol

or
 W

or
d

N
am

in
g 

T
es

t)
of

 5
-m

in
ut

es
du

ra
tio

n 
ea

ch

al
l s

es
si

on
s

oc
cu

rr
ed

be
tw

ee
n

2:
30

pm
 a

nd
3:

30
pm

;
co

lle
ct

ed
 a

t 0
m

in
ut

es
be

fo
re

st
re

ss
or

 a
nd

10
 m

in
ut

es
af

te
r 

th
e

co
m

pl
et

io
n 

of
th

e 
st

re
ss

or

IL
-1

β:
Sa

liv
et

te
s

(S
ar

st
ed

t,
G

er
m

an
y)

;
E

L
IS

A
(E

ur
oc

lo
ne

L
td

., 
ci

ty
, U

K
)

IL
-1

β:
 le

ve
ls

 in
cr

ea
se

 a
ft

er
co

m
pl

et
io

n 
of

 th
e 

st
re

ss
or

am
on

g 
he

al
th

y 
co

nt
ro

ls
w

ith
 a

 s
ig

ni
fi

ca
nt

 g
ro

up
-b

y-
tim

e
in

te
ra

ct
io

n 
(p

 <
 .0

1)

no
 c

on
tr

ol
 f

or
pe

ri
od

on
ta

l h
ea

lth
 in

al
l p

ar
tic

ip
an

ts
; n

o
co

nt
ro

l f
or

 m
en

st
ru

al
cy

cl
e 

an
d 

ho
rm

on
al

co
nt

ra
ce

pt
io

n 
in

fe
m

al
es

; o
nl

y 
on

e
po

st
-s

tr
es

so
r

sa
m

pl
e 

w
as

 ta
ke

n

Iz
aw

a 
et

 a
l. 

20
13

N
 =

 5
0 

he
al

th
y

yo
un

g 
ad

ul
ts

(m
al

es
: n

 =
 3

9,
ag

e 
M

 =
 2

1.
4 

±
2.

4 
ye

ar
s)

(f
em

al
es

: n
 =

11
, a

ge
 M

 =
21

.6
 ±

 3
.4

ye
ar

s)

no
 p

hy
si

ol
og

ic
al

 o
r

ps
yc

ho
lo

gi
ca

l
di

so
rd

er
s 

an
d 

no
H

PA
–a

xi
s 

an
d

im
m

un
e 

sy
st

em
-

af
fe

ct
in

g 
dr

ug
; a

ll
fe

m
al

es
 w

er
e 

in
 la

te
lu

te
al

 o
r 

ea
rl

y
fo

lli
cu

la
r 

ph
as

e 
of

m
en

st
ru

al
 c

yc
le

; n
o

ea
tin

g 
, d

ri
nk

in
g 

or
ex

er
ci

si
ng

 1
 h

ou
r

be
fo

re
 e

xp
er

im
en

t

w
ith

in
 s

ub
je

ct
s

de
si

gn
: T

ri
er

So
ci

al
 S

tr
es

s
T

es
t

al
l s

es
si

on
s

oc
cu

rr
ed

be
tw

ee
n

2:
00

pm
 a

nd
7:

30
pm

;
co

lle
ct

ed
 a

ft
er

10
 m

in
ut

es
 o

f
re

st
in

g
ba

se
lin

e,
 a

ft
er

a 
10

 m
in

ut
e

pr
ep

ar
at

io
n

pe
ri

od
, a

ft
er

 a
5 

m
in

ut
e

sp
ee

ch
, a

ft
er

a 
5 

m
in

ut
e

m
en

ta
l m

at
h

ta
sk

, a
nd

 1
0,

20
, 3

0,
 4

5,
an

d 
60

m
in

ut
es

 a
ft

er
th

e 
co

m
pl

et
io

n

IL
-6

: p
as

si
ve

dr
oo

l; 
E

L
IS

A
(R

 &
 D

Sy
st

em
s,

A
bi

ng
do

n,
 U

K
)

IL
-6

: l
ev

el
s 

si
gn

if
ic

an
tly

hi
gh

er
 th

an
 b

as
el

in
e

im
m

ed
ia

te
ly

 a
ft

er
 (

p 
<

 .0
1,

g 
=

 .3
7)

, a
nd

 1
0 

(p
 <

 .0
1,

 g
=

 .3
3)

 a
nd

 2
0 

m
in

ut
es

af
te

r 
(p

 <
 .0

1,
 g

 =
 .2

7)
 th

e
co

m
pl

et
io

n 
of

 th
e 

T
SS

T
;

le
ve

ls
 r

et
ur

n 
to

 n
ea

r
ba

se
lin

e 
60

 m
in

ut
es

 a
ft

er
th

e 
co

m
pl

et
io

n 
of

 th
e

T
SS

T

no
 c

on
tr

ol
 f

or
pe

ri
od

on
ta

l h
ea

lth
 in

al
l p

ar
tic

ip
an

ts
; n

o
co

nt
ro

l f
or

 h
or

m
on

al
co

nt
ra

ce
pt

io
n 

in
fe

m
al

es

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 37

C
it

at
io

n
Sa

m
pl

e
ch

ar
ac

te
ri

st
ic

s
F

ac
to

rs
 c

on
tr

ol
le

d
St

re
ss

or
 t

yp
e

Sa
m

pl
in

g
ti

m
el

in
e

C
ol

le
ct

io
n

m
et

ho
d 

/
as

sa
y

R
es

ul
ts

 b
y 

bi
om

ar
ke

r
L

im
it

at
io

ns

of
 th

e 
st

re
ss

or

M
ah

m
oo

d 
et

 a
l.,

 2
01

3
N

 =
 2

4 
de

nt
al

st
ud

en
ts

(m
al

es
: n

 =
 1

2,
fe

m
al

es
: n

 =
 1

2)

no
n-

sm
ok

in
g,

 n
ot

ta
ki

ng
 a

nt
ib

io
tic

s,
 n

o
ch

ro
ni

c 
di

se
as

es
 o

r
pr

eg
na

nt
 w

om
en

; n
o

ps
yc

ho
tr

op
ic

m
ed

ic
at

io
ns

w
ith

in
 s

ub
je

ct
s

de
si

gn
: t

hr
ee

ex
am

 p
er

io
ds

--
on

e 
m

on
th

be
fo

re
 m

id
-y

ea
r

ex
am

, d
ur

in
g

th
e 

m
id

-y
ea

r
ex

am
; a

nd
 o

ne
m

on
th

 a
ft

er
 th

e
m

id
-y

ea
r 

ex
am

al
l s

es
si

on
s

oc
cu

rr
ed

be
tw

ee
n

8:
00

am
 a

nd
12

:0
0p

m

IL
-1

β:
 p

as
si

ve
dr

oo
l ;

 E
L

IS
A

(S
al

im
et

ri
cs

,
St

at
e 

C
ol

le
ge

,
PA

)

IL
-1

β:
 le

ve
ls

 s
ig

ni
fi

ca
nt

ly
hi

gh
er

 d
ur

in
g 

m
id

-y
ea

r
ex

am
 p

er
io

d 
as

 c
om

pa
re

d
to

 th
e 

pr
e-

ex
am

 p
er

io
d 

(p
<

 .0
1,

 g
 =

 1
.2

4)
 a

nd
 th

e
po

st
-e

xa
m

 p
er

io
d 

(p
 <

 .0
1,

g 
=

 2
.1

4)

sm
al

l s
am

pl
e 

si
ze

;
no

 c
on

tr
ol

 f
or

ho
rm

on
al

co
nt

ra
ce

pt
io

n 
in

fe
m

al
es

Brain Behav Immun. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Slavish et al. Page 38

Table 2

Factors to Measure and Methodological Considerations for Future Studies

Pre-existing factors to measure

• Gender, BMI, age

• Other sociodemographic factors, including SES indicators

• Pre-existing health status, including oral health

• Medication use

• Menstrual cycle status and use of hormonal birth control in women

Methodological recommendations:

• Use a well-validated stress paradigm, such as the TSST

• Use only those with good oral health, or control for oral health status; ideally as determined by an expert (e.g., dentist), or by 
excluding those with known periodontal disease

• Use immunoassays optimized for saliva whenever possible

• Use the passive drool collection method and measure salivary flow rate when possible

• Collect saliva at multiple time points to capture full change and recovery (e.g., at baseline; 30, 60, and ideally at least 120 minutes 
after completion of the stressor)
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