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Abstract 

 

Dysregulation of the immune system is one potential mechanism by which acute stress may contribute to 

downstream disease etiology and psychopathology. Here, we tested the role of -adrenergic signaling as a 

mediator of acute stress-induced changes in immune cell gene expression. In a randomized, double-blind, 

placebo-controlled trial, 90 healthy young adults (44% female) received a single 40 mg dose of the -

blocker propranolol (n=43) or a placebo (n=47) and then completed the Trier Social Stress Test (TSST). 

Pre- and post-stress blood samples were assayed for pre-specified sets of pro-inflammatory and 

antiviral/antibody gene transcripts. Analyses revealed increased expression of both inflammatory and 

antiviral/antibody-related genes in response to the TSST, and these effects were blocked by pre-treatment 

with propranolol. Bioinformatics identified natural killer cells and dendritic cells as the primary cellular 

context for transcriptional upregulation, and monocytes as the primary cellular carrier of genes 

downregulated by the TSST. These effects were in part explained by acute changes in circulating cell 

types. Results suggest that acute psychosocial stress can induce an “acute defense" molecular phenotype 

via -adrenergic signaling that involves mobilization of natural killer cells and dendritic cells at the 

expense of monocytes. This may represent an adaptive response to the risk of acute injury. These findings 

offer some of the first evidence in humans that -blockade attenuates psychosocial stress-induced 

increases in inflammatory gene expression, offering new insights into the molecular and immunologic 

pathways by which stress may confer risks to health and well-being. 

 

ClinicalTrials.gov (Trial ID: NCT02972554): https://clinicaltrials.gov/ct2/show/NCT02972554  

 

  

https://clinicaltrials.gov/ct2/show/NCT02972554
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Stress is a critical risk factor in the etiology of cardiovascular disease, diabetes, and many psychiatric 

disorders such as depression (1–5). Recent research implicates immune dysregulation as one biological 

mechanism that contributes to adverse health outcomes in the face of stress (6–10). Complementary work 

in social genomics reveals that different types of chronic stress (e.g., early life adversity, social isolation, 

low social status) are associated with a leukocyte genomic profile called the Conserved Transcriptional 

Response to Adversity (CTRA; (11)). The CTRA is characterized by increased expression of 

inflammatory genes (e.g., IL1B, IL6, TNF) and decreased expression of genes supporting innate antiviral 

responses (e.g., IFNB, IFI, MX1/2, OAS), as well as some antibody-related transcripts (e.g., IGLL1, 

JCHAIN). This chronic stress-related shift toward a pro-inflammatory phenotype is implicated in the 

etiology of several adverse physical and mental health outcomes (7, 11–13). Although both clinical and 

preclinical studies report associations between chronic stressors and the CTRA (14–22), little 

experimental work investigates if similar patterns of gene expression are observed when humans 

experience an acute stressor (23). Mapping the gene regulatory impact of acute stress and the mechanisms 

involved could help clarify whether acute effects are similar to the CTRA pattern associated with chronic 

stress.   

Preclinical research suggests that sympathetic nervous system (SNS) signaling through -

adrenergic receptors plays a central role in immune responses to acute stress (24–26). Several seminal 

studies in humans further implicate -adrenergic regulation of immune cell function and prevalence (i.e., 

via ex vivo cellular function assays and leukocyte subset redistribution analyses; (16, 27–32)), with 

weaker evidence in small samples for -adrenergic effects on circulating inflammatory proteins such as 

interleukin-6 or IL-6 (33, 34). However, little experimental work in humans documents the role of SNS 

signaling through -adrenergic receptors on inflammatory and interferon gene expression during acute 

stress (16, 32, 35). As such, we conducted the present study to clarify whether -adrenergic signaling 

pathways mediate effects of acute psychological stress on gene expression profiles in circulating immune 

cells. 
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Specifically, we investigated -adrenergic regulation of inflammatory and interferon/antibody 

gene expression in humans in response to an acute psychosocial stressor. We designed this study with two 

aims in mind: (1) to characterize the impact of acute stress on inflammatory and antiviral/antibody gene 

expression, and (2) to examine how pre-treatment with propranolol to block SNS signaling through -

adrenergic receptors might impact gene expression and circulating inflammatory proteins. We thus 

recruited 90 healthy young adults as part of a randomized, double-blind, placebo-controlled mechanistic 

trial. Individuals received a single dose of either placebo or 40 mg propranolol and then completed the 

Trier Social Stress Test (TSST). Blood sampled before and after the stressor was assayed for levels of 

leukocyte pro-inflammatory and antiviral/antibody gene expression and circulating levels of the 

inflammatory marker IL-6. This approach allowed us to determine whether -adrenergic signaling 

causally contributes to stress-induced changes in immune cell gene expression and inflammatory proteins. 

In addition, we conducted secondary analyses to determine how any change in the prevalence of 

circulating leukocyte subsets might potentially contribute to observed differences in the overall blood 

transcriptome profile. 

Methods and Materials 

 

Participants  

Healthy young adults were recruited from the University of North Carolina at Chapel Hill and its 

surrounding community via flyers and electronic mailing lists. All potential participants were first 

screened for eligibility via a structured telephone interview. Individuals were excluded if they reported 

prior or current use of -blockers, a history of self-reported mental or physical health problems, self-

reported weight and height that indicated a BMI over 33, any current prescription medication, or regular 

nicotine or recreational drug use. During an initial prescreening visit, individuals could not exhibit a 

resting heart rate or blood pressure below safety recommendations for propranolol use (i.e., <60 bpm, 80 

mm/Hg). On the study day, participants arrived well-hydrated, having eaten their normal meals (but 

refraining from caffeine or excessive sugar), and having avoided aerobic exercise that day. We further 
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checked that all participants felt currently healthy (e.g., no allergies, common cold, headache, etc.), had 

not recently been ill nor experienced recent sleep disturbances (e.g., changing time zones, working night 

shift). Drug conditions (0=placebo, 1=propranolol) were matched on sex, age, race, and did not 

significantly differ in terms of depressive or anxiety symptoms, recent perceived life stress, body mass 

index (BMI), or objective socioeconomic status (all p>.05). The final sample included 90 healthy young 

adults (44% female; 56.7% White; Mage: 20.28 ± 1.42 years) with n=43 receiving propranolol and n=47 

receiving placebo. See Supplementary Information for sample characteristics. Sample size (N=90) was 

determined ahead of time; assuming a small effect size of propranolol on inflammation based on prior 

studies (33, 34), power estimates in G*power (36) suggested at least 72 participants total (38 within each 

group) to achieve 95% power for testing interactions of group x time. See Supplementary Information for 

a CONSORT-consistent flow diagram. 

Procedure 

The study was pre-registered with ClinicalTrials.gov (Trial ID: NCT02972554) and approved by 

the university’s IRB. The study was conducted in accordance with IRB guidelines for human participants, 

including full consent and debriefing. Between 3-7 days after initial enrollment, all participants completed 

the lab visit from 12-5 PM, to help control for potential diurnal effects. Upon arrival, a nurse blind to 

condition inserted a catheter with a heparin lock into the non-dominant forearm for blood draws. 

Catheters were inserted no later than 12:30 PM, with a minimum of 30-min acclimation period before an 

initial pre-drug baseline was taken.  

After the initial baseline blood sample and 50-min after catheter insertion, each participant 

received their randomly assigned dose of either propranolol or placebo, self-administered orally under 

supervision. Tablets were provided by the university’s research pharmacy which also managed the drug 

random assignment. Participants were randomized in blocks based on gender and race (white vs. non-

white) to ensure equal representation across groups. All study staff and participants were blind to 

condition. Given that effects of propranolol peak 1–2 hours after oral administration (37), the post-drug 
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baseline blood sample (at 60-min following drug/placebo administration) and acute stress induction (at 

75-min post-drug administration) took place when -blockade was in maximum effect.  

Acute psychosocial stress was induced using the TSST (38), a gold-standard method in the 

human stress literature. Participants had 2-min to prepare a speech about why they would be a good 

candidate for their dream job, then gave a 10-min speech and completed 5-min of mental arithmetic aloud 

before an evaluative panel of two condition-blinded, neutral researchers wearing laboratory coats. Blood 

draws for IL-6 were collected in EDTA tubes at pre-drug baseline (BL1), post-drug baseline (BL2), and 

30-min, 60-min, and 90-min following completion of the stressor (T30, T60, T90). Blood samples for 

gene expression were collected in PAXgene Blood RNA tubes at BL1, BL2, and at post-TSST T30 (given 

that gene expression changes occur more rapidly than protein-level changes). The post-drug baseline 

(BL2) sample was acquired before participants were informed about the details of the TSST procedure 

and thus does not reflect anticipatory stress. 

Upon session completion, participants were debriefed, paid (US$100), and discharged once 

physiological vitals returned to baseline. Study intake and data collection began November 2016 and 

ended October 2017. All participants remained in their originally assigned conditions, with no changes in 

study design, selection and exclusion criteria, or analysis procedures. Propranolol and TSST effects on 

psychophysiological and emotion reactions were also assessed as a second aim of this project and are 

reported elsewhere (39). 

Measures  

Gene Expression and Transcriptional Bioinformatics. At the end of each session, all PAXgene 

RNA tubes (Qiagen PAXgene Blood RNA) were stored upright at room temperature for 24-hrs, then 

frozen for 24-hrs at -20C, before being transferred into storage at -80C until study completion. Total 

RNA was extracted and checked for suitable mass (>200ng by NanoDrop ND1000 spectrophotometry) 

and integrity (RNA integrity number >3 by Agilent TapeStation capillary electrophoresis). Genome-wide 

transcriptional profiles were assayed by RNA sequencing (RNAseq) in the UCLA Neuroscience 
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Genomics Core Laboratory using Lexogen QuantSeq 3’ FWD cDNA library synthesis and multiplex 

DNA sequencing on an Illumina HiSeq 4000 instrument with single-strand 65-nucleotide sequence reads, 

all following manufacturers’ standard protocols. Sequencing yielded an average 12.7 million sequence 

reads per sample, each of which was mapped to the RefSeq human genome sequence using the STAR 

aligner (40), initially quantified as gene transcript counts per million mapped reads and further 

normalized to equate the median value of expressed transcripts across all samples.   

Inflammatory Protein Markers. Plasma samples were assayed for IL-6 using Meso Scale 

Discovery V-Plex Proinflammatory Human Panel 1 (Rockville, MA, USA), according to manufacturer’s 

instructions. Given prior literature focusing on IL-6 reactivity to acute stress (41, 42), our primary a priori 

inflammatory marker of interest was IL-6. However, as an exploratory addition, assay kits included 

detection antibodies for analytes IL-1, IL-4, IL-10, and TNF-. All plates were read on a Meso 

Quickplex machine and data analyzed using Discovery Workbench software 4.0. The intra- and inter-

assay coefficients for IL-6 were below 9%. We present IL-6 findings in the main text but see 

Supplementary Information for other inflammatory marker findings. 

Analysis Strategy   

 Gene Expression and Transcriptional Bioinformatics. Normalized gene transcript counts per 

million values were floored at 1 and log2 transformed for standard linear statistical model analyses. 

Primary analyses focused on two key groups of genes: an a priori-defined composite of 19 pro-

inflammatory transcripts and an a priori-defined composite of 34 interferon- and antibody-related 

transcripts (20, 43). To characterize overall effects of experimental conditions on inflammatory and 

antiviral gene expression, data were first analyzed in a 2 (group: Placebo vs. Propranolol) x 3 (time: BL1, 

BL2, T30) x 2 (gene set: Inflammatory vs. Antiviral) mixed effect linear model analysis treating time and 

gene set as repeated measures.  Analyses were conducted using SAS PROC MIXED, specifying a fully 

saturated (unstructured) variance-covariance matrix for residuals.  Following significant omnibus 

ANOVA results, we conducted a series of planned contrasts to characterize the effect of experimental 
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group on pre- to post-TSST changes [T30 - Baseline (pooled BL1, BL2)] in gene expression for each 

specific gene set.  

To cross-validate findings from primary analyses of a priori-defined gene sets, we conducted two 

sets of secondary analyses. First, we sought to identify empirical differences in gene expression (defined 

as genes showing a maximum likelihood point estimate of >20% change in response to TSST). Second, 

we tested the extent to which those genes reflected differential prevalence and/or activity of specific cell 

types involved in -adrenergic cell redistribution (e.g., NK cells) and CTRA induction (e.g., classical and 

non-classical monocyte subsets and dendritic cells) using Transcript Origin Analyses (44). These 

Transcript Origin Analyses were based upon previous transcriptome profiling of physically-isolated 

samples of 10 major leukocyte subsets (45) and classical vs. non-classical monocytes (46). Importantly, 

Transcript Origin Analyses are sensitive to changes in both cell prevalence and changes in cellular 

activation status within fixed cell prevalence.  

To more specifically assess changes in cell prevalence within the circulating leukocyte pool (i.e., 

as distinct from activation differences), we conducted Transcriptome Representation Analyses (16) using 

the same reference cell transcriptome profiles as used for Transcript Origin Analyses, and treating all 

genes showing >6 SD higher abundance in a given cell type relative to all others as diagnostic of that cell 

subpopulation (16). In all analyses, statistical testing was based on standard errors derived from bootstrap 

resampling of linear model residual vectors, which provides a non-parametric assessment of statistical 

significance while appropriately controlling for correlation among genes. 

Interleukin-6. As the IL-6 data had a right-skewed distribution, it was log-transformed. Analyses 

were completed in R (lme4 package) using repeated-measures ANOVA with a random intercept to 

account for within-subject nesting of the repeated-measures. We then conducted follow-up planned paired 

samples t-tests to help illustrate within-condition changes in IL-6 at T30, T60, and T90 from baseline.  

Covariates. We conducted ancillary analyses for both the primary gene expression models and 

the secondary circulating inflammatory protein analyses, controlling for a standard set of covariates 
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typically controlled for in the social genomics research literature including age, sex, race/ethnicity, BMI, 

and minor illness symptoms (e.g., allergies) in the week prior to study participation.  

Results 

 

Effect of Acute Stress and Propranolol on CTRA-Related Gene Sets 

 Results from a 2 (group: placebo vs. propranolol) x 3 (time: BL1, BL2, T30) x 2 (gene set: 

inflammatory vs antiviral/antibody) mixed effect linear model analysis treating time and gene set as 

repeated measures indicated a significant group x time interaction, F(2, 87) = 3.77, p = .027, but no 

significant 3-way gene set x group x time interaction, F(2, 87) = 0.84, p = .437. Similar findings emerged 

from ancillary analyses that adjusted for covariates (group x time interaction: F(2, 79) = 3.72, p = .029; 

gene set x group x time interaction: F(2, 79) = 0.80, p = .452). Results from follow-up pre-planned 

contrast analyses (Figure 1) found placebo-treated participants to differ significantly from propranolol-

treated participants in the profile of pre- to post-TSST change in expression of both inflammatory genes 

and antiviral/antibody genes (i.e., a significant group x time interaction for both inflammatory genes: b = -

.42 ± SE .18, p=.033; and antiviral/antibody-related genes: -.43 ± .19, p=.035; resulting in a non-

significant interaction for the overall CTRA composite score that represents the difference between those 

two gene sets: +.11 ± .06, p=.069).  

To help interpret the significant group x time interaction patterns for the inflammatory and 

antiviral/antibody-related gene sets, we conducted follow-up simple effects tests examining the magnitude 

of pre- to post-TSST change for each group separately. Placebo-treated participants showed significant 

increases in expression of both pro-inflammatory and antiviral/antibody-related genes at 30-min post-

TSST relative to baseline (inflammatory: mean change = +.33 ± .13 log2 mRNA abundance, p= 018; 

antiviral/antibody: +.29 ± .14, p=.039). Thus, the acute stress pattern identified here shows upregulation 

of both pro-inflammatory and antiviral/antibody-related genes, whereas chronic stress is associated with 

upregulated inflammatory but downregulated expression of antiviral/antibody genes (7, 11, 16). 

Consistent with this parallel rather than reciprocal change in the two CTRA-related gene sets, the standard 
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CTRA composite score (i.e., scoring inflammatory positively and antiviral/antibody-related genes 

negatively) showed no significant change in expression from pre- to post-TSST (-.06 ± .04, p=.143). 

In contrast to placebo-treated participants, propranolol-treated participants showed no significant 

change in expression of either gene set from pre- to post-TSST (inflammatory: -.10 ± .15, p=.533; 

antiviral/antibody: -.13 ± .15, p=.379). Consistent with the absence of any significant change in pro-

inflammatory or antiviral/antibody-related genes in propranolol-treated individuals, the standard CTRA 

contrast score also showed no significant change in expression from pre- to post-TSST for propranolol-

treated individuals (+.05 ± .04, p=.265). 

Cellular Origin of Differential Gene Expression 

 To identify cellular mechanisms that might potentially structure TSST-induced upregulation of 

pro-inflammatory and antiviral/antibody-related gene sets, we conducted Transcript Origin Analyses of 

all 9,388 gene transcripts that showed >20% difference in expression between baseline to 30-min post-

TSST in placebo-treated participants (Figure 2). Analyses using reference profiles from major leukocyte 

subsets (Figure 2a) implicated NK cells as a potential cellular source of genes upregulated in response to 

the TSST, and CD8+ T cells and classical (CD16-) monocytes as potential cellular sources of genes 

downregulated in response to the TSST. Results also indicated a non-significant trend (p=.052) for 

downregulated genes to derive from DC3 plasmacytoid dendritic cells. Follow-up analyses focusing 

specifically on classical and non-classical monocytes again implicated classical (CD16-) monocytes as the 

primary cellular source of TSST downregulated genes (Figure 2b). 

 In parallel Transcript Origin Analysis of the 3564 gene transcripts showing >20% change over 

time in propranolol-treated participants, results showed no indication that differential gene expression 

derived from either NK cells, CD8+ T cells, or classical (CD16-) monocytes (all p>.05). However, these 

analyses did suggest a potential up-regulation of DC2 and DC3 dendritic cell populations to TSST-related 

upregulation in the propranolol-treated group, and an unanticipated contribution of DC1 to TSST-related 

downregulation.  
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Role of Changing Cell Prevalence 

 The Transcript Origin Analyses reported above are designed to assess effects of both differential 

cell prevalence and differential cellular activation (i.e., holding constant cell prevalence). To more 

specifically assess changes in cell prevalence, we conducted Transcriptome Representation Analyses 

using reference genes that are predominately expressed by a single cell type based on previous gene 

expression profiling analyses of isolated cell populations. As shown in Figure 3, analyses of change over 

time indicated up-regulation in the prevalence of multiple leukocyte subsets in placebo-treated 

participants, including B lymphocytes, NK cells, all three types of dendritic cells (DC1, DC2 and DC3), 

and non-classical (CD16+) monocytes (but not classical CD16- monocytes). By contrast, these 

bioinformatic analyses showed no significant indication of change over time for any cell population 

analyzed in propranolol-treated participants. 

 To determine whether changing cell prevalence was a plausible mechanism of TSST-associated 

changes in expression of the pro-inflammatory and antiviral/antibody-related gene sets analyzed above, 

we conducted ANOVAs that also controlled for changes in major leukocyte subset markers (CD3D/E, 

CD4, CD8A, CD19, CD56/NCAM1, CD16/FCGR3A, CD14) while assessing stressor effects in the 

placebo group and the additional effects of propranolol. Control for major leukocyte subset markers 

rendered non-significant both the basic effects of the stressor in the placebo-treated group (+.05 ± .05, 

p=.080; antiviral/antibody: +.00 ± .03, p=.936) and the differential change over time in the propranolol vs. 

placebo-treated groups (+.00 ± .04, p=.995; antiviral/antibody: +.04 ± .05, p=.364), suggesting that the 

observed changes in CTRA gene expression in response to the TSST in the placebo-treated group are due 

almost entirely to stress-induced changes in cell prevalence.  

Effect of Acute Stress and Propranolol on IL-6 

To examine the humoral inflammatory response in parallel with the cellular inflammatory 

mechanisms assessed by RNA profiling, we examined whether the TSST increased levels of the 

circulating inflammatory marker IL-6 and, in turn, whether pre-treatment with propranolol blunted stress-

related IL-6 reactivity, adjusted for covariates (Figure 4). Consistent with prior stress literature (41), there 
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was a significant stress effect on IL-6 reactivity across time. Specifically, relative to the baselines, there 

was a significant increase in IL-6 at T30 (b=.24, SE=.10, p=.014), at T60 (b=.23, SE=.10, p=.021), and 

in particular by T90 (b=.46, SE=.10, p<.0001). However, this effect was not significantly abrogated by 

propranolol, neither overall as a main effect of drug (p=.41) nor in interaction with any given timepoint 

(ps>.25). Furthermore, there were no significant covariate effects of sex, age, BMI, ethnicity, nor recent 

illness symptoms in relation to IL-6 (ps>.25). See the Supplementary Information for a full table with IL-

6 results as well as exploratory analyses for IL-1, TNF-, IL-4, and IL-10. In brief, IL-1 and IL-4 were 

below the limits of detection and thus not examined. There were no effects of propranolol on TNF- nor 

IL-10 (consistent with IL-6 findings). 

Discussion 

This study investigated the effect of acute psychosocial stress on inflammatory and 

antiviral/antibody gene expression in humans. We found that acute stress exposure increased expression 

of both pro-inflammatory and antiviral/antibody-related genes in the whole-blood transcriptome, and that 

these effects could potentially be accounted for by changing prevalence of specific leukocyte subsets 

within the total blood cell pool. Stress-induced transcriptomic changes were blocked by pre-treatment 

with the -adrenergic antagonist propranolol, demonstrating -adrenergic signaling as a causal mediator 

of these effects. The pattern of transcriptome alteration observed here in response to acute stress (i.e., 

simultaneous upregulation of both pro-inflammatory and antiviral/antibody-related genes) differs from the 

classic CTRA profile previously linked to chronic stress, in which there is reciprocal upregulation of pro-

inflammatory genes and downregulation of antiviral/antibody genes (11, 14, 18, 23). Thus, it appears that 

the impact of acute stress on pro-inflammatory and antiviral/antibody-related gene expression in blood is 

qualitatively different from that observed following chronic stress. Both profiles involve upregulation of 

pro-inflammatory genes, but acute stress also elicits an upregulation of antiviral/antibody genes, while 

chronic stress is associated with downregulation of these genes. 
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Consistent with this distinction for CTRA gene expression induced by acute vs. chronic stress, 

these results also indicate distinct cellular sources underlying the observed blood transcriptome changes. 

Whereas the classical CTRA profile of chronic stress is mediated in part by upregulation of classical 

(CD16-) monocytes, the acute stress effects observed herein involved a relative downregulation of genes 

that are expressed predominately by classical monocytes and a simultaneous upregulation of genes that 

are predominately expressed in NK cells (Figure 2). Moreover, bioinformatics suggested that much of the 

stressor-induced increases in pro-inflammatory and antiviral/antibody-related gene expression could 

potentially be accounted for by acute changes in the prevalence of circulating leukocyte subsets. 

Specifically, the bioinformatically-inferred prevalence of NK cells, B cells, dendritic cells, and non-

classical monocytes all showed stress-induced mobilization whereas T cells and classical monocytes 

showed little evidence of mobilization, presenting a decline in relative prevalence within the blood cell 

transcriptome as a whole. Consistent with this observation, statistical control for alterations in the 

abundance of mRNAs encoding major leukocyte subset marker proteins abrogated the TSST-induced 

alterations in inflammatory and antiviral/antibody gene expression in the circulating blood pool. 

Moreover, those apparent redistribution effects appear driven in large part by SNS signaling, given that 

propranolol abrogated bioinformatic indications of multiple leukocyte subset mobilization and given that 

control for such effects blunted stress-induced changes in proinflammatory and antiviral/antibody-related 

transcript representation within the blood cell pool.  

Taken together, these data suggest that acute stress may induce an “acute defense” molecular 

phenotype that is distinct from the classical CTRA profile associated with chronic stress, which is 

mediated by -adrenergic signaling and involves acute mobilization of NK cells, dendritic cells, and non-

classical monocytes at the expense of classical monocytes. One plausible interpretation is that this SNS-

mediated acute stress response may help coordinate circulating immune cell changes to preemptively 

detect and prepare for diverse types of assaults, be it bacterial infection from a potential wound (e.g., via 

the attack of a predator or threatening social other) or viral infection (e.g., after close contact with social 

others during acute stress coping). However, this multi-front acute defense is likely also metabolically 
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costly; when a stressor becomes chronic, the body may then no longer be able to “afford” maintaining a 

dual defense. Studies assessing the metabolic costs of acute vs. chronic immune defense would be an 

important next step in testing this hypothesis; for example, future research should examine how 

mitochondrial DNA may regulate acute vs. chronic stress-induced immune transcriptional responses (47, 

48). Furthermore, the finding that the transcriptional response to acute stress differs from the chronic 

stress response raises the possibility that after extended stress exposure, there may be a switch to the 

classical CTRA upregulation of inflammatory genes and downregulation of antiviral/antibody genes. 

Future research should test this possibility.  

 This study has several strengths: (i) the experimental induction of acute stress in a controlled 

laboratory setting, (ii) the randomized, placebo-controlled administration of propranolol, (iii) a sample 

that was well-powered for the proposed questions, and (iv) consideration of leukocyte redistribution as a 

potential mediating mechanism. Some limitations should also be noted. The study was a first step and not 

sufficiently powered to identify significant effects for specific individual gene transcripts or for other 

exploratory analyses seeking to identify new sets of genes that are empirically responsive to acute stress. 

Similarly, although we did examine potential effects of sex, age, and other such covariates, this study was 

not designed nor powered to fully identify how individual characteristics may interact with the observed 

stress and drug-related patterns of immune gene expression. Future research with larger, more diverse 

samples should examine how sex, age, BMI, socioeconomic status, and recent life stress might moderate 

findings. Another caveat is that participants did not complete a full fast prior to the session which may 

have influenced propranolol bioavailability and inflammation (49–53). Another limitation is a lack of a 

non-stressor control group; we thus cannot distinguish stress effects from the secular trend. Finally, 

although our bioinformatic analyses sought to identify the specific cellular origins and cell population 

structures that might contribute to observed whole-blood transcriptome changes, future research using 

flow cytometric enumeration and cell sorting is needed to confirm the present bioinformatic inferences 

and to clarify any per-cell changes in gene expression within specific leukocyte subpopulations.  
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Beyond the above caveats, although the TSST successfully evoked increases in circulating IL-6, 

propranolol did not alter stressor-induced IL-6 reactivity. -adrenergic receptor signaling has been 

implicated in IL-6 regulation previously (e.g., 29); one possible reason for this null effect is that the post-

stress assessment time was insufficiently long to detect effects of propranolol on IL-6. Indeed, IL-6 levels 

in plasma up to 90-min post-stressor may reflect the release of existing cytokines into circulation (e.g., 

from adipose tissue or lymphoid organs) rather than de novo production. Although stress-induced -

adrenergic signaling may be expected to facilitate greater release of extant cytokines like IL-6 (as we 

found), it is possible that propranolol (via -adrenergic blockade) specifically blunts de novo production 

that is not captured within 90 min. Future work should assay levels of inflammatory cytokines over longer 

windows of time (e.g., up to 24-hrs). Importantly, we would not expect changes in circulating 

inflammatory cells (e.g., as assessed here by RNA profiling) to correlate directly with changes in 

circulating inflammatory cytokines (e.g., IL-6) because circulating leukocytes are not generally the source 

of circulating cytokines (e.g., circulating IL-6 derives predominately from adipose tissue and cells in 

lymphoid organs). Rather, RNA/cellular and protein/humoral blood parameters represent distinct 

inflammatory mechanisms that jointly impact systemic inflammatory biology.   

Given that inflammatory biology is implicated in vulnerability to disease etiology, premature 

cellular aging, and psychopathology (8, 10, 54, 55), the present findings may have implications for 

medicine and public health. By upregulating inflammation in addition to antiviral transcriptional profiles, 

the short-term observed response to acute stress may come at a cost to physical and mental health if 

sustained over prolonged durations, ultimately transforming from an acute-type “dual activation” profile 

to the classic reciprocal CTRA profile with its associated chronic disease risks. It is thus critical to 

identify how acute stress effects on immune-related gene expression transform into chronic stress effects 

(56). Furthermore, longitudinal studies are needed to examine acute stress-related gene expression 

reactivity and future risk for psychopathology. More generally, future work in larger samples should 
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investigate the role of subjective stress (e.g., stress perceptions and appraisals, affective experience during 

stressors) in modulating immune-related gene expression responses to acute stressors. 

In conclusion, findings from the present study suggest that acute stress induces an “acute defense" 

molecular phenotype that is distinct from the classical CTRA profile associated with chronic stress. This 

distinctive transcriptional response to acute stress is mediated by -adrenergic signaling and involves 

acute mobilization of NK cells and dendritic cells at the expense of classical monocytes. These findings 

offer some of the first evidence that -blockade buffers against increases in inflammatory gene expression 

during acute psychosocial stress in humans. As such, -adrenergic signaling is a crucial pathway linking 

acute stress to inflammation and may be one avenue by which stress confers greater risk for disease and 

psychopathology.   
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Figure 1. Change in gene expression across inflammatory, antiviral, and overall CTRA responses in 

TSST+Placebo vs. TSST+Propranolol groups. Black stars indicate significance at p<.05. 
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Figure 2. Effect of beta-blockade on stress-induced immune transcription profiles. Transcript origin 

analyses determined diagnosticity scores for upregulated vs. downregulated immune-related cell gene 

expressions. Black stars indicate significance at p<.05 while grey stars indicate trends at p<.10. (A) 

shows the effect of TSST in placebo-treated individuals. (B) shows the effect of TSST in propranolol-

treated individuals.  
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Figure 3. The effect of acute stress on prevalence of circulating immune cells.  Transcriptome 

representation analysis quantified the effect of TSST on circulating leukocyte subsets in individuals 

treated with placebo or propranolol. Black stars indicate significance at p<.05. 
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Figure 4. Mean reactivity from Baseline for IL-6 comparing placebo vs. propranolol across time. 

Timepoints cover 30-min post-stressor (T30), 60-min post-stressor (T60), and 90-min post-stressor (T90). 

Blood for circulating cytokine analysis was collected at these timepoints but additional blood for genomic 

analyses was only collected during Baseline and T30. There were significant increases in IL-6 post-

stressor within groups (relative to Baseline) for all timepoints but no significant differences between the 

placebo vs. propranolol groups. 

 

 

  



Beta-Adrenergic Signaling and Immune Gene Expression 25 

Beta-adrenergic blockade blunts inflammatory and antiviral/antibody  

gene expression responses to acute psychosocial stress - Supplementary Information 

 

Supplementary Table 1. Sample characteristics compared by condition.  
Demographics Placebo Propranolol Total p-value 

N Sex: Female  21 (23.3%) 19 (21.1%) 40 (44.4%) 
.962 a 

N Sex: Male  26 (28.9%) 24 (26.7%) 50 (55.6%) 

N Race: Asian descent  12 (13.3%) 11 (12.2%) 23 (25.6%) 

.876 a 

N Race: African descent  5 (5.6%) 3 (3.3%) 8 (8.8%) 

N Race: European descent  27 (30.0%) 24 (26.7%) 51 (56.7%) 

N Race: Bi- or multi-racial  2 (2.2%) 4 (4.4%) 6 (6.7%) 

N Race: Other  1 (1.1%) 1 (1.1%) 2 (2.2%) 

Mean Age  20.49 ± 1.56 20.07 ± 1.28 20.29 ± 1.46 .173 b 

Mean BMI 23.09 ± 2.43 22.44 ± 2.50 22.78 ± 2.47 .220 b 

Mean Obj SES 16.52 ± 1.93 16.19 ± 1.89 16.36 ± 1.91 .408 b 

Mean Depressive symptoms    1.40 ± 1.64   1.30 ± 1.44   1.36 ± 1.54 .755 b 

Mean Anxiety symptoms 37.07 ± 9.20 34.77 ± 7.58 35.96 ± 8.49 .204 b 

Mean Perceived stress 10.62 ± 4.92 10.24 ± 4.60 10.44 ± 4.75 .709 b 

Mean Fear of evaluation 31.28 ± 8.52 33.86 ± 8.86 32.49 ± 8.73 .165 b 

Note: For frequency counts, percentages are of total sample. Objective SES was operationalized as the mean years 

of education that a participants’ parents both completed. aDifference tested with Pearson’s chi-square. bDifference 

tested with independent samples t-tests.  

 

 

Supplementary Table 2. Immune-related gene expression means and standard deviations.  
Demographics Placebo Propranolol 

 Mean (SD) Mean (SD) 

Proinflammatory Composite    

     Baseline 5.09 (.15) 5.11 (.17) 

     T30 (Post-Stressor) 5.19 (.20) 5.13 (.16) 

Antiviral/Antibody Composite    

     Baseline 5.38 (.54) 5.43 (.54) 

     T30 (Post-Stressor) 5.40 (.56) 5.40 (.52) 

Note: There were no significant differences between conditions at baseline.  

 

Additional Cytokine Analyses. In addition to the IL-6 results reported in the main text, we also examined 

levels of IL-1 and TNF- as additional pro-inflammatory markers, as well as levels of IL-4 and IL-10 as 

anti-inflammatory markers. Levels of IL-1 and IL-4 were below the lower limit of detection of the assay 

in >20% of samples and were low in >37% of the remaining samples, resulting in high CVs. As a result 

of low assay reliability/validity, results for IL-1 and IL-4 are not reported. CVs for TNF- and IL-10 

were acceptable (<9%), and as such, we ran supplemental ANOVA models for these markers, similar to 

those reported for IL-6 in the main text. See below for Supplementary Table 3 with IL-6, TNF- and 

IL-10 results.  
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Supplementary Table 3. Fixed effects for IL-6, TNF-, and IL-10.  

 
Predictors b S.E. p 

Log-transformed IL-6 reactivity relative to baseline 

Intercept  -.32 1.220 .783 

Drug (0=Placebo, 1=Propran) -.15 .184 .405 

Post-TSST T30 .24 .096 .014 

Post-TSST T60 .23 .097 .021 

Post-TSST T90 .46 .096 <.0001 

Drug x T30 .08 .139 .567 

Drug x T60 .10 .140 .465 

Drug x T90 .03 .139 .851 

Sex (0=F, 1=M) .04 .165 .793 

BMI .04 .056 .434 

Age -.04 .055 .499 

Recent symptoms .06 .199 .752 

Ethnicity  .10 .226 .674 

Log-transformed IL-10 reactivity relative to baseline 

Intercept  .17 1.019 .866 

Drug (0=Placebo, 1=Propran) -.02 .161 .903 

Post-TSST T30 -.08 .095 .407 

Post-TSST T60 -.21 .096 .028 

Post-TSST T90 -.17 .095 .079 

Drug x T30 -.02 .138 .882 

Drug x T60 -.00 .139 .975 

Drug x T90 .06 .138 .646 

Sex (0=F, 1=M) .26 .138 .067 

BMI -.02 .047 .747 

Age -.04 .056 .444 

Recent symptoms -.14 .158 .384 

Ethnicity -.41 .188 .031 

Log-transformed TNF- reactivity relative to baseline 

Intercept .75 .498 .139 

Drug (0=Placebo, 1=Propran) .02 .083 .827 

Post-TSST T30 -.08 .055 .172 

Post-TSST T60 -.02 .055 .004 

Post-TSST T90 -.08 .055 .123 

Drug x T30 .07 .080 .370 

Drug x T60 .07 .080 .406 

Drug x T90 .08 .080 .294 

Sex (0=F, 1=M) .19 .067 .007 

BMI .00 .023 .993 

Age -.00 .022 .852 

Recent symptoms -.11 .077 .180 

Ethnicity -.03 .092 .780 

Note sex and ethnicity were coded such that lower or negative values indicate female and non-White 

individuals. 
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CONSORT Flow Diagram 

 
 

Assessed for eligibility (n= 106) 

Excluded (n= 14) 
   Not meeting inclusion criteria (n= 4) 
   Declined to participate (n= 4) 
   Did not show up for initial intake (n= 3) 

   Did not respond for scheduling after 

intake (n= 3) 

Analysed (n= 43) 

 Excluded from analysis (n= 0) 

Lost to follow-up (n= 0) 
Discontinued intervention (n= 0) 

Allocated to propranolol (n= 43) 

 Received allocated propranolol (n= 43) 
 Did not receive allocated propranolol (n= 1) – 

did not show up for their laboratory session 

Lost to follow-up (n= 0) 
Discontinued intervention (n= 0) 

Allocated to placebo (n= 47) 

 Received allocated placebo (n= 47) 
 Did not receive allocated placebo (n= 1) - did 

not show up for their laboratory session 

Analysed (n= 47) 

 Excluded from analysis (n= 0) 
 

Allocation 

Analysis 

Follow-Up 

Randomized (n= 92) 

Enrollment 
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