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Abstract 
 
Psychological stress and glucocorticoids are associated with heightened cardiovascular 
disease risk. We investigated whether stress or cortisol would be associated with reduced 
circulating angiogenic cell (CAC) function, an index of impaired vascular repair. We 
hypothesized that minority-race individuals who experience threat in interracial 
interactions would exhibit reduced CAC function, and that this link might be explained by 
cortisol. To test this experimentally, we recruited 106 African American participants for a 
laboratory interracial interaction task, in which they received socially evaluative feedback 
from Caucasian confederates. On a separate day, a subset of 32 participants (mean age = 26 
years, 47% female) enrolled in a separate biological substudy and provided blood samples 
for CAC isolation and salivary samples to quantify the morning peak in cortisol (the cortisol 
awakening response, CAR). CAC function was quantified using cell culture assays of 
migration to vascular endothelial growth factor (VEGF) and secretion of VEGF into the 
culture medium. Heightened threat in response to an interracial interaction and trait 
anxiety in vivo were both associated with poorer CAC migratory function in vitro.  Further, 
threat and poorer sustained attention during the interracial interaction were associated 
with a higher CAR, which in turn, was related to lower CAC sensitivity to glucocorticoids. In 
vitro, higher doses of cortisol impaired CAC migratory function and VEGF protein secretion. 
The glucocorticoid receptor antagonist RU486 reversed this functional impairment. These 
data identify a novel, neuroendocrine pathway by which psychological stress may reduce 
CAC function, with potential implications for cardiovascular health.  
 
 
 
Keywords:  Angiogenesis, endothelial progenitor cells, circulating hematopoietic 
progenitor cells, executive function, sustained attention, anxiety 
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1. Introduction 
 
 Psychosocial stress constitutes a significant cardiovascular risk factor in large 
epidemiological studies (Yusuf et al., 2004). The capacity to detect social threats and 
mobilize robust wound-healing responses may have conferred evolutionary survival 
advantages.  Whereas an “adaptive” acute stress response terminates after the event has 
passed, chronic stress exposure may impair appropriate resolution, via a mechanism of 
cellular desensitization to negative feedback (e.g., insufficient inhibition of immune 
responses by cortisol). This study combines in vivo and in vitro methods to investigate a 
neuroendocrine pathway linking threat in interracial interactions with the function of 
circulating angiogenic cells (CACs). These findings have potential implications for social 
stress-related deficits in vascular repair. 
 

Peripheral CACs, previously purported to be early outgrowth endothelial progenitor 
cells (EPCs) (Rehman et al., 2003; Hirschi et al., 2008), are bone marrow-derived immune 
cell populations involved in vascular regeneration and angiogenesis. Healthy angiogenesis 
is crucial for vascular regeneration (Toyama et al., 2012) and wound healing (Marrotte et 
al., 2010), whereas excessive angiogenesis contributes to inflammation (Hirono et al., 
2009), atherosclerosis (Holm et al., 2009), and diabetic retinopathy (Titchenell and 
Antonetti, 2013).  We use the term CACs rather than early EPCs, because although CACs 
exhibit endothelial qualities, CAC cultures consist predominantly of monocytic cells (Heiss 
et al., 2010), and their therapeutic effects are mediated by paracrine secretion of growth 
factors and antioxidants (Di Santo et al., 2009; Marrotte et al., 2010), rather than by 
endothelial differentiation (Hirschi et al., 2008).   

 
A cardinal index of CAC function is the capacity to migrate toward growth factors, 

such as vascular endothelial growth factor (VEGF), a master regulator of angiogenesis 
(Gupta and Zhang, 2005).  CAC migration in vitro reflects the capacity of CACs to migrate 
toward sites of tissue damage and promote repair via paracrine secretion of growth factors.  
CAC migration is decreased in patients with coronary artery disease (Vasa et al., 2001), 
atherosclerosis (Ohtsuka et al., 2013), diabetes (Thum et al., 2007), and older age (Chen et 
al., 2016).  Among healthy individuals without cardiovascular disease or diabetes, reduced 
CAC migration prospectively predicts greater carotid artery intima-media thickness 
(Keymel et al., 2008) and correlates with metabolic risk factors (Aschbacher et al., 2012a) 
and better endothelial function (Van Craenenbroeck et al., 2010). In animals, delivering 
CACs or CAC-conditioned media to sites of ischemic vascular injury can regenerate 
damaged tissue (Kalka et al., 2000; Di Santo et al., 2009; Ma et al., 2009; Toyama et al., 
2012; O'Loughlin et al., 2013).  Hence, CAC function is more than a “biomarker,” it is a 
mechanism of vascular repair.  

 
To date, no published studies have linked psychological stress or stress hormones 

with CAC function; however, self-reported distress is associated with EPC number (Van 
Craenenbroeck et al., 2009; Chen et al., 2011). Stressful events could potentially impact CAC 
function via threat perceptions and secretion of glucocorticoids (GCs), such as cortisol.  
Cortisol is particularly reactive to social threat (Dickerson and Kemeny, 2004; Aschbacher 
et al., 2013), and can impair endothelial nitric oxide synthase (eNOS) expression (Liu et al., 
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2009), a regulator of CAC migration (Heiss et al., 2010). Hence, the effects of cortisol on CAC 
function constitute a potentially important CVD risk pathway.  The current study 
investigated this pathway among African Americans because discrimination is a chronic 
social stressor, and African Americans have higher age-adjusted rates of death from 
coronary heart disease than European Americans and other major racial/ethnic groups 
(Gillespie et al., 2013).  To elicit social threat, we used an acute interracial interaction 
paradigm, which permits laboratory manipulation of the social context and quantifies the 
“live process” of how individuals respond to interracial interactions (Mendes et al., 2007b).   

 
Chronic social stress is associated with decreased leukocyte GC sensitivity (Miller et 

al., 2008; Bellingrath et al., 2013), and with impaired wound healing (Kiecolt-Glaser et al., 
2005). However, to date, no published study has explored whether CACs exhibit stress-
associated decreases in GC sensitivity.  While decreased GC sensitivity may protect cells 
from excess GC exposure, it may also impair the restoration of homeostasis after a stressor 
(Sapolsky et al., 2000). We hypothesized that: 1) cortisol would inhibit CAC function in 
vitro, but 2) stress-reactive participants would have lower CAC-GC sensitivity in vivo. To 
test this hypothesis, we assessed the GC sensitivity of CACs in vitro and cortisol in vivo, 
using the cortisol awakening response (CAR).  The CAR captures the diurnal cortisol peak 
in the first 30 minutes post-awakening (Clow et al., 2010), and a higher CAR is associated 
with life stress (Chida and Steptoe, 2009). 

  
In sum, we hypothesized that cortisol might constitute a pathway by which threat 

could affect CAC function. Moreover, we defined a “healthy” CAC profile as characterized by 
robust CAC migration to VEGF and sensitivity to inhibition by cortisol (i.e., an in vitro 
profile of reactivity and recovery). To test this idea, we recruited healthy African Americans 
from the community and investigated relationships among: 1) threat reactivity during an 
interracial interaction task, 2) the CAR, and 3) CAC function and GC sensitivity in vitro. 
 
2. Methods & Materials 
 
2.1 Participants 

Healthy, young African American men and women (N=106; mean age: 25.31 years, 
SD: 4.83; 57% female) participated in a lab study that included stressful and cooperative 
interaction tasks with a same-sex European American stranger (a confederate research 
assistant). This paradigm has previously been shown to evoke psychological and 
physiologic stress responses (Mendes et al., 2007a; Mendes et al., 2008). Participants were 
recruited through craigslist and community advertisements in the Bay Area, and were 
excluded for depression, smoking, and cardiovascular or steroid medications (see 
supplemental methods for further details).  A convenient subsample of 34 participants was 
recruited (based on the availability of the clinical research center) to participate in a 
substudy that collected blood and salivary samples, roughly two months after the initial 
visit. Blood from two participants could not be analyzed due to an equipment malfunction, 
leaving a subsample of 32 participants with complete data on CAC migration (mean age: 
25.75 years, SD: 5.10; 47% female; cardiovascular risk factors in Table 1). These 
participants displayed a range of education: high school or less (n=2), some college or 
currently enrolled college student (n=19), and college graduate (n=6), graduate work or 
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degrees (MA or MBA; n=4), missing education data (n=1). Because some current college 
students indicated that they received financial support from parents, income did not hold 
the same meaning for student versus non-student participants, and was therefore not 
utilized analytically.  This subsample did not significantly differ from the full sample on 
demographic or cardiovascular risk factors.  This study was approved by the Committee for 
Human Research, at the University of California, San Francisco, and was conducted in 
accordance with the Declaration of Helsinki. All participants provided written consent to 
participate in the study. 
 
2.2 Threat, Anxious Affect & Attention During an Interracial Interaction 

Affective and cognitive factors were assessed before, during, and after participants 
engaged in a previously standardized interracial interaction task (Mendes et al., 2008), in 
which the participant gave an impromptu speech about his or her strengths and 
weaknesses to a trained European American confederate and then completed a cooperative 
interaction task with the him/her (also see supplemental methods). The Positive and 
Negative Affect Schedule (PANAS) was used to quantify anxious affect (i.e., feeling anxious 
as opposed to a clinical diagnosis) and reported attentiveness before and after completing 
the interaction task (Watson et al., 1988). Trait anxious affect was quantified by averaging 
two measures of anxious affect, taken at baseline prior to the task, and roughly two months 
later during the blood draw visit.  Threat appraisals were assessed after the speech and 
prior to the cooperative task, by a measure validated in previous studies (Mendes et al., 
2007b; Aschbacher et al., 2012b; Aschbacher et al., 2013).  The construct of threat 
appraisals is quantified as the ratio of two subscales that tap the separate dimensions 
referred to as threat versus challenge – i.e., demands (perceived stress, uncertainty, 
required effort) versus resources (perceptions of individual and social resources to offset 
task demands). 
 
2.3 CAC Isolation & Migration 

Blood and salivary samples were taken as part of the second visit, which took place 
an average of two months after the interaction task.  CACs were quantified from a fasting, 
morning, heparinized blood draw, as in previously published studies (Aschbacher et al., 
2012a). Participants were asked to refrain from exercise or caffeine intake on the morning 
of the draw.  Women were tested during the follicular phase of the menstrual cycle. CACs 
were differentiated from peripheral blood mononuclear cells by removal of initially 
adherent cells (3 hour preplating) followed by 7 days of culture of non-adherent cells on 
fibronectin-coated dishes as previously described (Heiss et al., 2010; Aschbacher et al., 
2012a). CAC migration was quantified by a transwell chemotaxis assay to using a modified 
Boyden chamber in triplicate assays. 50 ng/mL VEGF (Sigma) was placed in the lower 
portion of the chamber to induce a chemotactic gradient (Heiss et al., 2010), whereas 
cortisol was placed in both chambers (non-gradient). The final unit of analysis was the 
number of migrated cells per high-power microscope field, as determined using 
fluorescence microscopy, given that a standardized number of cells (20,000) were placed in 
the chamber at the start of the migration assay (see Supplementary Methods for details).   
 
2.4 VEGF Protein in CAC-Conditioned Media 
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CACs are believed to exert their therapeutic effects by secreting growth factors, such 
as VEGF, that stimulate angiogenesis.  Hence, we wanted to establish whether cortisol could 
inhibit this critical therapeutic mechanism.  To test whether cortisol inhibits CAC secretion 
of VEGF, we first conducted a dose and timing experiment to establish the methods. Next, a 
second experiment was conducted to replicate the significant findings.  First, PBMCs from 
two participants were cultured in standard EBM media with 20% FBS and Single-Quot for 
12 days and 14 per standard CAC protocols (Heiss et al., 2010), and non-adherent cells 
were discarded. 48 hours prior to the end of the experiment, the medium was completely 
replaced with EBM with no additional growth factors and 5% FBS.  During this 48-hour 
period, we contrasted treatment with and without high dose cortisol (300 and 1000 nM). 
Thereafter, CAC-conditioned media was collected and frozen for later VEGF ELISA (Human 
VEGF Quantikine ELISA kit, R&D Systems, Inc.).  To replicate the key results, we again 
cultured PBMCs from three participants for 12 days and compared treatment in wells with 
versus without 300 nM cortisol (VEGF secreted in CAC-CM expressed as pg/day x 106 cells). 
 
2.5 Salivary Cortisol Protocol 
 Thirty-four participants provided salivary samples (IBL SaliCap devices) on the 
morning following the blood draw, for calculation of the cortisol awakening response 
(CAR). Of these, 26 participants provided complete data on protocol adherence. One 
participant’s CAR data was excluded as he/she reported a 170-minute interval between the 
two samples, when instructed to take them 30 minutes apart. Hence all analyses using the 
CAR focused on the adherent portion of the sample (n=25).  Samples were quantified by a 
competitive solid phase time-resolved fluorescence immunoassay with fluorometric end 
point detection (DELFIA) (Dressendorfer et al., 1992).  
 
2.6 Data Analyses 

Repeated measures ANCOVA and regression analyses were used to analyze the data. 
Group differences in cell culture experiments are expressed as the mean ± SEM, using a 
critical alpha of .05. The CAR was quantified as the increase from 0 to 30 minutes post-
awakening (Pruessner et al., 2003). CAC glucocorticoid sensitivity (CAC-GS) was quantified 
as the difference in the number of cells that migrated to VEGF versus to VEGF with 1000 
nM cortisol, multiplied by -1, so that higher scores represent greater glucocorticoid 
sensitivity. CAC functional outcomes and threat appraisals were natural-log transformed to 
improve the normality of the distribution. Age and gender were included as covariates in 
all final analyses.  Education and income were not significantly related to CAC outcomes in 
this young sample, and hence these factors were not utilized as covariates.   

Samples sizes for the following analyses vary depending on the variables 
considered.  Specifically, task-related changes in psychological factors were analyzed in the 
full sample of 106, CAC results were analyzed among the 32 participants with blood 
samples, and CAR results were analyzed focusing on the 25 participants with full adherence 
data on the timing of their saliva samples and answered questions regarding the prior 
night’s sleep quality.  We confirmed that the 32 participants with CAC migration did not 
differ on task-related changes in anxiety or self-reported attention, threat appraisals, trait 
anxiety, demographic, or cardiovascular risk factors from those in the larger study of 106. 

 
3. Results 
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3.1. Part I: Associations of Threat and Attention During an Interracial Interaction Task with 
Cortisol and CAC Function 
 
3.1.1 Task-Related Change in Attention and Anxiety 
 In the larger sample, attention increased significantly from pre- to post-task 
(F(1,96)=8.24, p=.005), whereas anxious affect decreased significantly (F(1,96)=17.961, 
p<.001), potentially reflecting high anticipatory anxiety pre-task. Participants who 
perceived the task as more threatening (i.e., situational demands exceeded their coping 
resources) exhibited significantly poorer sustained attention during the interaction (r= -
.313, p=.002), but no changes in anxious affect (r= -.048, p=.644).   
 
3.1.2 Individual Differences in Threat and Attention are Associated with the CAR 

We hypothesized that greater threat during an interracial interaction would be 
associated with a higher CAR, a neuroendocrine regulator of arousal, thought to prepare for 
the anticipated stresses of the day. A higher CAR was significantly associated with higher 
task-induced threat appraisals (ß=.427, p=.046) and poorer sustained attention (ß= -.669, 
p=.002)(Fig. 1), controlling for day-of covariates, gender, and age*, among 25 participants 
with complete data on CAR adherence factors (e.g., sample timing, and prior night’s sleep). 
These analyses were also significant in the unadjusted analyses of 34 participants with 
complete cortisol data. Finally, poorer self-reported sleep quality the previous night was an 
independent predictor of a higher CAR (ß=-.501, p=.009).  
 
3.1.3 Individual Differences in Threat and Anxiety are Associated with CAC Function 
 Trait anxious affect was significantly related to lower CAC migration to VEGF (ß=-
.545, p=.003; Fig. 2), controlling for age and gender*. Greater threat appraisals (demands-
resources ratio) during the interracial interaction revealed a marginal association with 
lower CAC migration to VEGF (ß=-.356, p=.060) and no relationship to CAC-GS (ß=-.258, 
p=.169), controlling for age and gender.  Greater perceived demands (expecting the task to 
be stressful and threatening), was significantly related to poorer CAC migration (ß=-.385, 
p=.041) but not CAC-GS (ß=-.281, p=.132). In contrast, perceived resources (expecting to 
perform well on the task) were not associated with CAC function.  In this young, healthy, 
non-smoking sample, we did not see significant relationships of age, gender, or BMI with 
CAC migration to VEGF or CAC-GS. 
 
3.2. Part II:  Effects of Cortisol on CACs in Cell Culture 
 
3.2.1 Cortisol Inhibits CAC Migration to VEGF at High Physiologic and Supraphysiologic Doses 

Cortisol at 1000 nmol/L significantly inhibited CAC migration to VEGF among all 32 
participants (p<.001).  We conducted a dose-response experiment (100, 300, and 1000 
nmol/L cortisol) using CACs from 3 participants.  The upper end of normal morning plasma 
total cortisol secretion is roughly 300 nmol/L (Kudielka et al., 2004; Aschbacher et al., 
2014), and this level can be provoked by acute psychological stress (Kudielka et al., 2004). 

                                                        
* These results remained significant when additionally controlling for oral contraceptive use or removing those 3 
participants from the analyses. 
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Cortisol impaired CAC migration at 300 and 1000 nmol/L, relative to VEGF alone (all 
p’s<.05; Fig. 3a), but did not significantly decrease migration at 100 nmol/L. Possible 
“priming” glucocorticoid effects (Sapolsky et al., 2000) were explored, in which CACs were 
exposed to very low dose (30 nmol/L) cortisol for the last 48 hours prior to the migration 
experiment. No priming effects were observed (data not shown). 

 
3.2.2 The Glucocorticoid Receptor Antagonist RU486 Reverses Cortisol-Induced CAC Inhibition 

Based on previous literature (Liu et al., 2009) and the fact that lower doses of 
cortisol did not significantly impair migration (cortisol binds preferentially to 
mineralcorticoid receptors at low doses (Sapolsky et al., 2000)), we hypothesized that 
cortisol inhibition of CAC function would be mediated via the glucocorticoid receptor.  
Indeed, the glucocorticoid antagonist, RU486 (at 10-7 and 10-6 mol/L) reversed the 
inhibition of CAC migration by cortisol at 300 nM (p’s<.01, Fig. 3b). 
 
3.2.3 Long-term, High-dose Cortisol Causes Prolonged but Reversible Inhibition of CAC 
Migration 

To better approximate a chronic stress exposure in vitro (Du et al., 2009), we 
investigated whether 1) Inhibition of CAC function would be exacerbated by a longer-term 
exposure, and whether 2) CAC function would recover after being removed from long-term 
cortisol exposure. Using a 2x2 design, we contrasted: 1) 48-hour CAC pretreatment with 
cortisol (1000 nmol/L) versus no pretreatment, followed by, 2) presence or absence of 
cortisol during CAC migration (lasting 6 hours), using CACs from four participants. Hence, 
“recovery” was modeled by cortisol pretreatment followed by no cortisol during migration. 
Long-term exposure (pretreatment without recovery) did not cause greater migratory 
impairment than shorter-term exposure (cortisol during migration), potentially because 
short-term exposure already resulted in very low numbers of migrated cells.  Cortisol pre-
treatment was sufficient to cause a prolonged, but reversible, inhibition of CAC migration. 
In the recovery condition, CAC migration was significantly higher compared to the No-
VEGF negative control (p=.020) and to VEGF with cortisol during migration (p=.021), 
whereas it was lower than VEGF alone (p=.035; Fig. 3c).  In other words, exposing CACs to 
cortisol only before, but not during, the migration period partially impaired their 
migration, but not as much as exposure during migration - i.e., CACs partially recovered 
their migratory capacity when cortisol was no longer present. 

 
3.2.4 Cortisol significantly reduces CAC secretion of VEGF 

CACs not only respond to VEGF but also secrete VEGF (Heiss et al., 2010). These 
paracrine effects are considered the primary mechanism of their therapeutic efficacy for 
vascular repair. To test the hypothesis that cortisol may impair CAC secretion of VEGF, we 
first compared whether pretreating CACs from two participants with a high dose of cortisol 
(300 or 1000 nmol/L) for 48 hours would significantly decrease the levels of VEGF protein 
present in conditioned media. This was tested using ANOVA, including the dose and 
number of days cells were cultured.  Treatment with cortisol at both 300nM and 1000nM 
significantly reduced the amount of VEGF protein detectable in CAC-conditioned media, 
relative to treatment with media alone (p=.028). Less VEGF was present on day 14 than on 
day 12. Hence, we conducted a second validation experiment with three participants’ CACs, 
cultured for 12 days with versus without 300 nM cortisol. We counted cells on the final day 
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and observed that the number of cells in the two conditions did not differ (ns).  
Furthermore, this final experiment verified that cortisol significantly reduced VEGF protein 
(pg/day x 106 cells) detected in CAC-CM (p=.034) (Fig. 3d).    
 
3.3.0 Part III: Diurnal Cortisol in vivo is associated with CAC glucocorticoid sensitivity in 
vitro 
 We investigated whether higher cortisol secretion, indexed by the CAR, would be 
associated with lower CAC-GS. The mean value of cortisol upon awakening was 7.76 
nmol/L (SEM= .97) and at 30 minutes was 9.31 nmol/L (SEM=.96), consistent with 
previous studies of African Americans (Fuller-Rowell et al., 2012).  A higher CAR was 
significantly associated with lower CAC-GS, both in unadjusted correlations (r=-.469, 
p=.032) and in regression analyses (ß=-.524, p=.048; Fig. 4), controlling for age, gender, 
and day-of factors (prior night’s sleep quality and salivary sampling protocol adherence), 
indicating that CAC function was less sensitive to cortisol inhibition among participants 
with a higher CAR†.  Relations of the CAR with CAC migration to VEGF did not reach 
significance with covariates (ß=-.399, p=.126). 
 
4. Discussion 
 
 These findings implicate CACs as a novel pathway by which psychological stress and 
cortisol may impact cardiovascular morbidity (Yusuf et al., 2004; Vogelzangs et al., 2010). 
CACs were previously called early outgrowth endothelial progenitor cells, but their role in 
vascular repair is now understood to be mediated via responses to and secretion of 
angiogenic factors like VEGF (Di Santo et al., 2009).  We found that trait anxiety and 
heightened threat during an interracial interaction were both significantly associated with 
decreased CAC migration among young, non-smoking, African Americans without 
cardiovascular disease, while controlling for age and gender. CAC function is an early-stage 
marker of vascular repair and maintenance, detectable even in healthy young individuals. 
Poor CAC function is associated with early atherosclerotic plaque accumulation in 
individuals without cardiovascular disease (Keymel et al., 2008), and is impaired in 
patients with coronary artery disease (Vasa et al., 2001).  In sum, the findings of this study 
suggest the possibility that stress and cortisol could contribute to cardiovascular disease by 
impairing CAC-mediated vascular repair capacity.  
 

Using cell culture studies, we demonstrate a pattern of findings linking threat and 
cortisol with CAC function.  First, in vitro, cortisol inhibits migratory and paracrine 
functions of CACs.  Second, in vivo, an elevated CAR (reflecting a higher morning rise in 
cortisol) is related to decreased CAC glucocorticoid sensitivity. A higher CAR is also related 
to greater threat in the interracial interaction task. Hence, one possible interpretation is 
that a sustained cellular state of glucocorticoid insensitivity (e.g., by chronic social stress) 
may impair the body’s ability to terminate angiogenic responses.  Whereas acute stress 
responses are often beneficial, chronic stress leads to toxic health effects. Similarly, 
angiogenesis is beneficial in the acute context of wound repair, but when not appropriately 
terminated, it can contribute to inflammation and pathological conditions including 
                                                        
† This association remained significant when controlling for day-of covariates and oral contraceptive use. 
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atherosclerosis (Frantz et al., 2005; Pober and Sessa, 2007; Holm et al., 2009; Li Calzi et al., 
2010).  The health implications of decreased CAC sensitivity to glucocorticoids have yet to 
be revealed.  However, we hypothesize that this pathway is most likely to be relevant to 
chronic disease states where pathological VEGF signaling plays a role, such as 
atherosclerosis (Holm et al., 2009).  
 

Greater task-induced threat appraisals (the demands subscale) and trait anxious 
affect were both significant predictors of poorer CAC migratory function.  Hence, a key 
question is whether threat appraisals are attributable: 1) merely to task stressfulness 
(independent of race), 2) to the interracial context of the interaction, or 3) specifically to 
perceptions of racial prejudice.  These analyses do not investigate perceived discrimination 
directly, so they cannot address the latter possibility.  It is unlikely that threat appraisals 
merely reflect task stressfulness, because anxious affect did not increase during the task.  In 
contrast, intergroup interactions (as opposed to same-race interactions) have been shown 
to enhance selective attention to threats (Maner and Miller, 2013). Hence, it is possible that 
these associations may have particular relevance within the social context of systemic 
racial bias and discrimination.  However, future studies using an European American 
comparison group are needed to test racial differences in perceived threat, discrimination, 
or threat-CAC associations.  Furthermore, it is worth mentioning that even if threat in 
interracial interactions does not differ by race, so long as the physiological response to 
threat is evoked more frequently (e.g., due to cultural contexts of discrimination), that 
could also result in health disparities.  However, to our knowledge, no existing study has 
compared racial groups on CAC function.  

 
This study utilized parallel in vitro and in vivo models to investigate whether cortisol 

is a potential mediator of the effects of psychological stress on CAC function.  In cell culture, 
cortisol impaired CAC migration and secretion of VEGF protein, at doses found in vivo in 
morning plasma cortisol (Kudielka et al., 2004; Aschbacher et al., 2014) and during acute 
psychological stress (Kudielka et al., 2004).  The fact that the glucocorticoid receptor 
antagonist RU486 reversed these inhibitory effects suggests that they may be mediated via 
the glucocorticoid receptor. The association of a higher CAR in vivo with lower CAC 
glucocorticoid sensitivity in vitro supports the broader relevance of this cell culture index 
to human health and social stress responses.  The CAR captures peak cortisol levels and 
exhibits relatively high intra-individual stability (Fries et al., 2009). Moreover, a higher CAR 
prospectively predicts psychiatric disorders (Vrshek-Schallhorn et al., 2013; Adam et al., 
2014), slower cutaneous wound healing (Ebrecht et al., 2004), and, among women, faster 
progression of intima medial thickness (Eller et al., 2005).  In sum, neuroendocrine activity 
is likely one of several pathways by which psychological stress may impact CAC function.   
 

Glucocorticoid sensitivity (or glucocorticoid resistance) of immune cells has been 
variably defined using different sample types (whole blood, CD14+ monocytes, 
lymphocytes) and metrics (e.g., transcriptomics, redistribution patterns, and functional 
tests). Thus far, functional outcomes suppressed by glucocorticoids in human studies have 
been limited to secretion of a few pro-inflammatory cytokines, such as interleukin-6. In 
contrast, this study is the first to establish a model of CAC glucocorticoid sensitivity 
relevant to vascular repair and angiogenesis.  Though it is difficult to faithfully model 
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“chronic stress in a dish,” these data extend previous models of glucocorticoid sensitivity, 
revealing that prolonged CAC exposure to high-dose cortisol in culture can result in 
delayed functional recovery and impaired VEGF secretion.  These data raise the question of 
whether similar effects occur in vivo with prolonged, severe stressors.  

 
  4.1 Implications for intervention  
 

In the future, stress-management interventions might be optimized not only to 
reduce biomarkers of “damage” but also to enhance repair and regeneration.  The current 
study provides a foundation to test stress pathways using human-to-animal CAC transplant 
models of vascular repair (e.g., post-myocardial infarction or leg ischemia)(Sonnenschein 
et al., 2011; Chen et al., 2016). For example, a previous study of patients with metabolic 
syndrome demonstrated that exercise improved the ability of these patients’ CACs to repair 
a carotid endothelial injury in vivo in a nude mouse model (Sonnenschein et al., 2011).  
Future studies might therefore test whether CACs from high-stress individuals are less 
effective at in vivo vascular repair than CACs from low-stress individuals, or whether 
implantation with cortisol-releasing pellets mitigates the therapeutic benefits of CACs. 
 
4.2 Limitations and future directions 
   

As this study focused on African American participants during interracial 
interactions, it is unclear whether threat appraisals from any type of stressor would be 
related to CAC function. We also do not know whether other racial groups would show a 
similar pattern of responses. Education and income were not related to CAC function in this 
sample; however, this may have been due to the young age, small sample size, and 
prevalence of college students in whom income was confounded by parental support. This 
study focused on the CAR rather than task-induced cortisol changes because high levels of 
cortisol are reliably seen in the morning, whereas the task involved cooperative aspects 
and therefore was not expected to elicit a high cortisol peak. The sample size was more 
than adequate to establish the in vitro effects of cortisol on CAC migration. However, the 
associations of psychological factors with the CAR and CAC function, and the study of VEGF 
secretion, relied on a modest sample size. Alternative stress pathways may also impact 
CACs, including the autonomic nervous system, sheer stress effects, and oxidative stress.  
We have defined CAC cultures by their morphologic and adherence properties in culture, 
rather than by surface phenotype; however, researchers from our team and others have 
previously characterized CACs using a variety of surface markers (Rehman et al., 2003; 
Heiss et al., 2010). Due to the number of clinical samples, characterization was outside the 
scope of this study. Future studies are needed to test whether CAC glucocorticoid 
sensitivity predicts key clinical outcomes, such as delayed wound healing, unresolved 
inflammation, and atherosclerotic plaque evolution. 
 
5. Conclusion 
 

These data enhance our understanding of how social threat, particularly in 
interracial interactions, may impact cardiovascular disease. The challenge of chronic 
disease prevention involves mapping pathways from the psychosocial environment, 
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through physiology, to cellular function.  Novel approaches such as this one, which combine 
in vivo and in vitro paradigms, have the potential to advance our understanding of how 
social stressors impact health outcomes.  This study elucidates a novel pathway by which 
social stress may influence the cellular processes of vascular repair.   
 
 
Acknowledgments 
 
We would like to acknowledge the members of the Emotion, Health, and Psychophysiology 
Lab for their assistance with data collection. We are particularly grateful to Maggie Aulet-
Leon, Olivia Danforth, Monica Varga, Qiumei Chen, and Christian Heiss for their technical 
and intellectual contributions to this work.  
 
Author Contributions 
 
K.A., W.B.W., and M.L.S designed research; R.K., S.N., and A.J.F. performed research; K.A. 
analyzed data; K.A., W.B.M., and M.L.S. wrote the manuscript. 
 
Funding Sources 
 
The research was supported in part by NIH/NHLBI grant K23 HL112955, NIH/NCRR UCSF-
CTSI Grant No. UL1 RR024131, NIH/NHLBI R01 HL086917, the Gratitude Project run by 
the UC Berkeley Greater Good Science Center with funding from the 
John Templeton Foundation, The Hellman Foundation, The Society for the Psychological 
Study of Social Issues, The Robert Wood Johnson Foundation, and The Institute for 
Integrative Health (TIIH).   
 
Financial Disclosures 
 
The authors have nothing to disclose.   
 
  



Threat, Cortisol, and CAC function 

 
11 

References 
 
Adam, E.K., Vrshek-Schallhorn, S., Kendall, A.D., Mineka, S., Zinbarg, R.E., Craske, M.G., 2014. 
Prospective associations between the cortisol awakening response and first onsets of 
anxiety disorders over a six-year follow-up--2013 Curt Richter Award Winner. 
Psychoneuroendocrinology 44, 47-59. 10.1016/j.psyneuen.2014.02.014 
Aschbacher, K., Chen, Q., Varga, M., Haddad, D., Yeghiazarians, Y., Epel, E., Wolkowitz, O.M., 
Springer, M.L., 2012a. Higher fasting glucose levels are associated with reduced circulating 
angiogenic cell migratory capacity among healthy individuals. Am J Cardiovasc Dis, 12-19.  
Aschbacher, K., Epel, E., Wolkowitz, O.M., Prather, A., Puterman, E., Dhabhar, F., 2012b. 
Maintenance of a positive outlook during acute stress protects against pro-inflammatory 
reactivity and future depressive symptoms. Brain Behav Immun 26, 346-352. 
10.1016/j.bbi.2011.10.010. 
Aschbacher, K., O'Donovan, A., Wolkowitz, O.M., Dhabhar, F.S., Su, Y., Epel, E., 2013. Good 
stress, bad stress and oxidative stress: Insights from anticipatory cortisol reactivity. 
Psychoneuroendocrinology 38, 1698-1708. 10.1016/j.psyneuen.2013.02.004 
Aschbacher, K., Rodriguez-Fernandez, M., van Wietmarschen, H., Tomiyama, A.J., Jain, S., 
Epel, E., Doyle, F.J., 3rd, van der Greef, J., 2014. The hypothalamic-pituitary-adrenal-leptin 
axis and metabolic health: a systems approach to resilience, robustness and control. 
Interface focus 4, 20. 10.1098/rsfs.2014.0020 
Bellingrath, S., Rohleder, N., Kudielka, B.M., 2013. Effort-reward-imbalance in healthy 
teachers is associated with higher LPS-stimulated production and lower glucocorticoid 
sensitivity of interleukin-6 in vitro. Biol Psychol 92, 403-409. 
10.1016/j.biopsycho.2012.12.003 
Chen, H., Yiu, K.H., Tse, H.F., 2011. Relationships between vascular dysfunction, circulating 
endothelial progenitor cells, and psychological status in healthy subjects. Depress Anxiety 
28, 719-727. 10.1002/da.20839 
Chen, Q., Varga, M., Wang, X., Haddad, D.J., An, S., Medzikovic, L., Derakhshandeh, R., 
Kostyushev, D.S., Zhang, Y., Clifford, B.T., Luu, E., Danforth, O.M., Rafikov, R., Gong, W., Black, 
S.M., Suchkov, S.V., Fineman, J.R., Heiss, C., Aschbacher, K., Yeghiazarians, Y., Springer, M.L., 
2016. Overexpression of nitric oxide synthase restores circulating angiogenic cell function 
in patients with coronary artery disease: Implications for autologous cell therapy for 
myocardial infarction JAHA 5, e002257. 10.1161/JAHA.115.002257 
Chida, Y., Steptoe, A., 2009. Cortisol awakening response and psychosocial factors: a 
systematic review and meta-analysis. Biol Psychol 80, 265-278. 
10.1016/j.biopsycho.2008.10.004 
Clow, A., Hucklebridge, F., Stalder, T., Evans, P., Thorn, L., 2010. The cortisol awakening 
response: more than a measure of HPA axis function. Neurosci Biobehav Rev 35, 97-103. 
S0149-7634(09)00208-5 [pii] 
10.1016/j.neubiorev.2009.12.011 
Di Santo, S., Yang, Z., Wyler von Ballmoos, M., Voelzmann, J., Diehm, N., Baumgartner, I., 
Kalka, C., 2009. Novel cell-free strategy for therapeutic angiogenesis: in vitro generated 
conditioned medium can replace progenitor cell transplantation. PloS one 4, e5643. 
10.1371/journal.pone.0005643 



Threat, Cortisol, and CAC function 

 
12 

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: a theoretical 
integration and synthesis of laboratory research. Psychol Bull 130, 355-391. 
10.1037/0033-2909.130.3.355 
2004-13724-001 [pii] 
Dressendorfer, R.A., Kirschbaum, C., Rohde, W., Stahl, F., Strasburger, C.J., 1992. Synthesis of 
a cortisol-biotin conjugate and evaluation as a tracer in an immunoassay for salivary 
cortisol measurement. J Steroid Biochem Mol Biol 43, 683-692. 10.1016/0960-
0760(92)90294-S 
Du, J., Wang, Y., Hunter, R., Wei, Y., Blumenthal, R., Falke, C., Khairova, R., Zhou, R., Yuan, P., 
Machado-Vieira, R., McEwen, B.S., Manji, H.K., 2009. Dynamic regulation of mitochondrial 
function by glucocorticoids. Proc Natl Acad Sci U S A 106, 3543-3548. 
10.1073/pnas.0812671106 
Ebrecht, M., Hextall, J., Kirtley, L.G., Taylor, A., Dyson, M., Weinman, J., 2004. Perceived 
stress and cortisol levels predict speed of wound healing in healthy male adults. 
Psychoneuroendocrinology 29, 798-809. 10.1016/S0306-4530(03)00144-6 
Eller, N.H., Netterstrom, B., Allerup, P., 2005. Progression in intima media thickness--the 
significance of hormonal biomarkers of chronic stress. Psychoneuroendocrinology 30, 715-
723. 10.1016/j.psyneuen.2005.01.005 
Frantz, S., Vincent, K.A., Feron, O., Kelly, R.A., 2005. Innate immunity and angiogenesis. Circ 
Res 96, 15-26. 10.1161/01.RES.0000153188.68898.ac 
Fries, E., Dettenborn, L., Kirschbaum, C., 2009. The cortisol awakening response (CAR): 
facts and future directions. Int J Psychophysiol 72, 67-73. 10.1016/j.ijpsycho.2008.03.014 
Fuller-Rowell, T.E., Doan, S.N., Eccles, J.S., 2012. Differential effects of perceived 
discrimination on the diurnal cortisol rhythm of African Americans and Whites. 
Psychoneuroendocrinology 37, 107-118. 10.1016/j.psyneuen.2011.05.011 
Gillespie, C.D., Wigington, C., Hong, Y., Centers for Disease, C., Prevention, 2013. Coronary 
heart disease and stroke deaths - United States, 2009. Morbidity and mortality weekly 
report. Surveillance summaries 62 Suppl 3, 157-160.  
Gupta, K., Zhang, J., 2005. Angiogenesis: a curse or cure? Postgrad Med J 81, 236-242. 
10.1136/pgmj.2004.023309 
Heiss, C., Schanz, A., Amabile, N., Jahn, S., Chen, Q., Wong, M.L., Rassaf, T., Heinen, Y., Cortese-
Krott, M., Grossman, W., Yeghiazarians, Y., Springer, M.L., 2010. Nitric oxide synthase 
expression and functional response to nitric oxide are both important modulators of 
circulating angiogenic cell response to angiogenic stimuli. Arterioscler Thromb Vasc Biol 
30, 2212-2218. ATVBAHA.110.211581 [pii] 
10.1161/ATVBAHA.110.211581 
Hirono, K., Kemmotsu, Y., Wittkowski, H., Foell, D., Saito, K., Ibuki, K., Watanabe, K., 
Watanabe, S., Uese, K., Kanegane, H., Origasa, H., Ichida, F., Roth, J., Miyawaki, T., Saji, T., 
2009. Infliximab reduces the cytokine-mediated inflammation but does not suppress 
cellular infiltration of the vessel wall in refractory Kawasaki disease. Pediatr Res 65, 696-
701. 10.1203/01.pdr.0000352115.41382.65 
10.1203/PDR.0b013e31819ed68d 
Hirschi, K.K., Ingram, D.A., Yoder, M.C., 2008. Assessing identity, phenotype, and fate of 
endothelial progenitor cells. Arterioscler Thromb Vasc Biol 28, 1584-1595. 
10.1161/ATVBAHA.107.155960 



Threat, Cortisol, and CAC function 

 
13 

Holm, P.W., Slart, R.H., Zeebregts, C.J., Hillebrands, J.L., Tio, R.A., 2009. Atherosclerotic 
plaque development and instability: a dual role for VEGF.  41, 257-264. 
10.1080/07853890802516507 
Kalka, C., Masuda, H., Takahashi, T., Kalka-Moll, W.M., Silver, M., Kearney, M., Li, T., Isner, 
J.M., Asahara, T., 2000. Transplantation of ex vivo expanded endothelial progenitor cells for 
therapeutic neovascularization. Proc Natl Acad Sci U S A 97, 3422-3427. 
10.1073/pnas.070046397 
070046397 [pii] 
Keymel, S., Kalka, C., Rassaf, T., Yeghiazarians, Y., Kelm, M., Heiss, C., 2008. Impaired 
endothelial progenitor cell function predicts age-dependent carotid intimal thickening.  
103, 582-586. 10.1007/s00395-008-0742-z 
Kiecolt-Glaser, J.K., Loving, T.J., Stowell, J.R., Malarkey, W.B., Lemeshow, S., Dickinson, S.L., 
Glaser, R., 2005. Hostile marital interactions, proinflammatory cytokine production, and 
wound healing. Arch Gen Psychiat 62, 1377-1384. 10.1001/archpsyc.62.12.1377 
Kudielka, B.M., Schommer, N.C., Hellhammer, D.H., Kirschbaum, C., 2004. Acute HPA axis 
responses, heart rate, and mood changes to psychosocial stress (TSST) in humans at 
different times of day. Psychoneuroendocrinology 29, 983-992. 
10.1016/j.psyneuen.2003.08.009 
Li Calzi, S., Neu, M.B., Shaw, L.C., Kielczewski, J.L., Moldovan, N.I., Grant, M.B., 2010. EPCs 
and pathological angiogenesis: when good cells go bad. Microvasc Res 79, 207-216. 
10.1016/j.mvr.2010.02.011 
Liu, Y., Mladinov, D., Pietrusz, J.L., Usa, K., Liang, M., 2009. Glucocorticoid response elements 
and 11 beta-hydroxysteroid dehydrogenases in the regulation of endothelial nitric oxide 
synthase expression. Cardiovasc Res 81, 140-147. cvn231 [pii] 
10.1093/cvr/cvn231 
Ma, Z.L., Mai, X.L., Sun, J.H., Ju, S.H., Yang, X., Ni, Y., Teng, G.J., 2009. Inhibited atherosclerotic 
plaque formation by local administration of magnetically labeled endothelial progenitor 
cells (EPCs) in a rabbit model. Atherosclerosis 205, 80-86. S0021-9150(08)00787-9 [pii] 
10.1016/j.atherosclerosis.2008.07.048 
Maner, J.K., Miller, S.L., 2013. Adaptive attentional attunement: Perceptions of danger and 
attention to outgroup men. Soc Cogn 31, 733-744. 10.1521/soco.2013.31.6.733 
Marrotte, E.J., Chen, D.D., Hakim, J.S., Chen, A.F., 2010. Manganese superoxide dismutase 
expression in endothelial progenitor cells accelerates wound healing in diabetic mice. J Clin 
Invest 120, 4207-4219. 10.1172/JCI36858 
Mendes, W.B., Blascovich, J., Hunter, S.B., Lickel, B., Jost, J.T., 2007a. Threatened by the 
unexpected: physiological responses during social interactions with expectancy-violating 
partners. J Pers Soc Psychol 92, 698-716. 2007-05059-009 [pii] 
10.1037/0022-3514.92.4.698 
Mendes, W.B., Gray, H.M., Mendoza-Denton, R., Major, B., Epel, E.S., 2007b. Why 
egalitarianism might be good for your health: physiological thriving during stressful 
intergroup encounters. Psych Sci 18, 991-998. PSCI2014 [pii] 
10.1111/j.1467-9280.2007.02014.x 
Mendes, W.B., Major, B., McCoy, S., Blascovich, J., 2008. How attributional ambiguity shapes 
physiological and emotional responses to social rejection and acceptance. J Pers Soc 
Psychol 94, 278-291. 2008-00466-007 [pii] 
10.1037/0022-3514.94.2.278 



Threat, Cortisol, and CAC function 

 
14 

Miller, G.E., Chen, E., Sze, J., Marin, T., Arevalo, J.M., Doll, R., Ma, R., Cole, S.W., 2008. A 
functional genomic fingerprint of chronic stress in humans: blunted glucocorticoid and 
increased NF-kappaB signaling. Biol Psychiatry 64, 266-272. S0006-3223(08)00361-2 [pii] 
10.1016/j.biopsych.2008.03.017 
O'Loughlin, A., Kulkarni, M., Vaughan, E.E., Creane, M., Liew, A., Dockery, P., Pandit, A., 
O'Brien, T., 2013. Autologous circulating angiogenic cells treated with osteopontin and 
delivered via a collagen scaffold enhance wound healing in the alloxan-induced diabetic 
rabbit ear ulcer model. Stem Cell Res Ther 4, 158. 10.1186/scrt388 
Ohtsuka, M., Sasaki, K., Ueno, T., Seki, R., Nakayoshi, T., Koiwaya, H., Toyama, Y., Yokoyama, 
S., Mitsutake, Y., Chibana, H., Itaya, N., Okamura, T., Imaizumi, T., 2013. Platelet-derived 
microparticles augment the adhesion and neovascularization capacities of circulating 
angiogenic cells obtained from atherosclerotic patients. Atherosclerosis 227, 275-282. 
10.1016/j.atherosclerosis.2013.01.040 
Pober, J.S., Sessa, W.C., 2007. Evolving functions of endothelial cells in inflammation. Nat 
Rev Immunol 7, 803-815. 10.1038/nri2171 
Pruessner, M., Hellhammer, D.H., Pruessner, J.C., Lupien, S.J., 2003. Self-reported depressive 
symptoms and stress levels in healthy young men: associations with the cortisol response 
to awakening. Psychosom Med 65, 92-99. 10.1097/01.PSY.0000040950.22044.10 
Rehman, J., Li, J., Orschell, C.M., March, K.L., 2003. Peripheral blood "endothelial progenitor 
cells" are derived from monocyte/macrophages and secrete angiogenic growth factors. 
Circulation 107, 1164-1169. 10.1161/01.CIR.0000058702.69484.A0 
Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 
Endocr  Rev 21, 55-89. http://dx.doi.org/10.1210/edrv.21.1.0389 
Sonnenschein, K., Horvath, T., Mueller, M., Markowski, A., Siegmund, T., Jacob, C., Drexler, H., 
Landmesser, U., 2011. Exercise training improves in vivo endothelial repair capacity of 
early endothelial progenitor cells in subjects with metabolic syndrome. 
1741826710389373 [pii] 
10.1177/1741826710389373 
Thum, T., Fraccarollo, D., Schultheiss, M., Froese, S., Galuppo, P., Widder, J.D., Tsikas, D., Ertl, 
G., Bauersachs, J., 2007. Endothelial nitric oxide synthase uncoupling impairs endothelial 
progenitor cell mobilization and function in diabetes. Diabetes 56, 666-674. 56/3/666 [pii] 
10.2337/db06-0699 
Titchenell, P.M., Antonetti, D.A., 2013. Using the past to inform the future: anti-VEGF 
therapy as a road map to develop novel therapies for diabetic retinopathy. Diabetes 62, 
1808-1815. 10.2337/db12-1744 
Toyama, Y., Sasaki, K., Tachibana, K., Ueno, T., Kajimoto, H., Yokoyama, S., Ohtsuka, M., 
Koiwaya, H., Nakayoshi, T., Mitsutake, Y., Chibana, H., Itaya, N., Imaizumi, T., 2012. 
Ultrasound stimulation restores impaired neovascularization-related capacities of human 
circulating angiogenic cells. Cardiovasc Res 95, 448-459. 10.1093/cvr/cvs173 
Van Craenenbroeck, E.M., Denollet, J., Paelinck, B.P., Beckers, P., Possemiers, N., Hoymans, 
V.Y., Vrints, C.J., Conraads, V.M., 2009. Circulating CD34+/KDR+ endothelial progenitor cells 
are reduced in chronic heart failure patients as a function of Type D personality. Clin Sci 
117, 165-172. CS20080564 [pii] 
10.1042/CS20080564 

http://dx.doi.org/10.1210/edrv.21.1.0389


Threat, Cortisol, and CAC function 

 
15 

Van Craenenbroeck, E.M., Hoymans, V.Y., Beckers, P.J., Possemiers, N.M., Wuyts, K., Paelinck, 
B.P., Vrints, C.J., Conraads, V.M., 2010. Exercise training improves function of circulating 
angiogenic cells in patients with chronic heart failure.  105, 665-676. 10.1007/s00395-010-
0105-4 
Vasa, M., Fichtlscherer, S., Aicher, A., Adler, K., Urbich, C., Martin, H., Zeiher, A.M., Dimmeler, 
S., 2001. Number and migratory activity of circulating endothelial progenitor cells inversely 
correlate with risk factors for coronary artery disease. Circ Res 89, E1-7. 
10.1161/hh1301.093953 
Vogelzangs, N., Beekman, A.T., Milaneschi, Y., Bandinelli, S., Ferrucci, L., Penninx, B.W., 
2010. Urinary cortisol and six-year risk of all-cause and cardiovascular mortality. J Clin 
Endocrinol Metab 95, 4959-4964. jc.2010-0192 [pii] 
10.1210/jc.2010-0192 
Vrshek-Schallhorn, S., Doane, L.D., Mineka, S., Zinbarg, R.E., Craske, M.G., Adam, E.K., 2013. 
The cortisol awakening response predicts major depression: predictive stability over a 4-
year follow-up and effect of depression history. Psychol Med 43, 483-493. 
10.1017/S0033291712001213 
Watson, D., Clark, L.A., Tellegen, A., 1988. Development and validation of brief measures of 
positive and negative affect: the PANAS scales. J Pers Soc Psychol 54, 1063-1070. 
10.1037/0022-3514.54.6.1063 
Yusuf, S., Hawken, S., Ounpuu, S., Dans, T., Avezum, A., Lanas, F., McQueen, M., Budaj, A., 
Pais, P., Varigos, J., Lisheng, L., 2004. Effect of potentially modifiable risk factors associated 
with myocardial infarction in 52 countries (the INTERHEART study): case-control study. 
Lancet 364, 937-952. 10.1016/S0140-6736(04)17018-9 
S0140-6736(04)17018-9 [pii] 
 
  



Threat, Cortisol, and CAC function 

 
16 

Figure Legends 
 
Figure 1:  Threat and Attention are Associated with the Cortisol Awakening Response 
(CAR) 
 

*p ≤ .05, **p ≤ .01. A higher CAR was significantly associated with higher task-induced threat 
appraisals (ß=.427, p=.046) and poorer sustained attention (ß= -.669, p=.002)(Fig. 1), 
controlling for day-of covariates, gender, and age, among 25 participants with complete 
data on CAR adherence factors (e.g., sample timing, and prior night’s sleep). Scatterplots 
depict the unadjusted data from 34 participants with available cortisol data (threat: 
ß=.431, p=.011; attention: ß=-.451, p=.007). Threat appraisals were quantified as the ratio 
of demands to resources (log-transformed and normalized), assessed during the interracial 
interaction task.  Sustained Attention was quantified as the residualized change score in 
self-reported attention from pre to post-task. The CAR is quantified as the increase in 
salivary cortisol from awakening to 30-minutes post-awakening. 
 
 
Figure 2.  Threat and Trait Anxiety are Associated with Lower CAC Migration 
 
*p ≤ .05, **p ≤ .01. Anxiety: ß=-.545, p=.003**, Threat (demands subscale): ß=-.385, p= 
.041*, controlling for age and gender.  CAC migration is quantified as the log-transformed 
number of cells migrating to VEGF, per high-power microscope field. Trait anxiety is the 
average of two measures of anxious affect taken roughly two months apart.  Threat 
(demands) is a self-report measure taken after the stressful portion of the interaction task. 
 
 
Figure 3.  Cortisol Inhibits CAC Function In Vitro: Dose, Exposure Time, and Antagonism 
 

* p < .05, ns = not significant.  VEGF = vascular endothelial growth factor (50 ng/mL) was 
placed in the lower chamber to establish a chemotactic gradient.  The units for Migrated 
CACs are standardized per high-power microscope field.  Fig. 3A) Varying doses of cortisol 
(hydrocortisone) were applied to the upper and lower chambers (non-gradient) during 
migration (CACs: n=3).  Fig. 3B) RU486 significantly reversed cortisol inhibition of CAC 
migration to VEGF (CACs: n=2).  Fig. 3C) A 2x2 design was used to test the effects of longer-
term cortisol pretreatment (“48hr Cortisol”) versus shorter-term exposure of CACs to 
cortisol during migration (“Cortisol DM”). Longer-term pretreatment did not result in 
greater CAC impairment than cortisol DM.  “Recovery” was modeled as 48hr cortisol 
pretreatment followed by no cortisol DM (a 6hr period). Recovery values were significantly 
decreased relative to CAC migration to VEGF alone, but were significantly greater than CAC 
migration when cortisol was present DM (CACs: n=4). Fig. 3D) CACs were cultured for 12 
days (n=3). In the last 48 hours, medium was replaced with growth factor-poor media, with 
or without 300 nM cortisol. Finally, CAC conditioned media was assayed for VEGF protein. 
 
Figure 4. Diurnal Cortisol In Vivo is Associated with CAC Glucocorticoid Sensitivity in Vitro  
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* p < .05. A higher CAR (in vivo) was significantly associated with lower CAC glucocorticoid 
sensitivity (in vitro): ß=-.524, p=.048*, n=25.  The CAR depicted is residualized for the full 
model covariates: age, gender, and day-of influences (prior night’s sleep and protocol 
adherence to sample timing). 
 

 



 
 
 
 
 
 
 
 
 
 
 
 

Table 1.  Cardiovascular Risk Characterization 

Cardiovascular Risk Factor Statistical Estimate 

    Age (years)a 25.75 (5.10) 
    Female Genderb 15 (47%) 
    Body Mass Indexa 24.65 (3.58) 
    Triglycerides (mg/dL)a 59.10 (27.09) 
    HDL  (mg/dL)a 53.07 (13.80) 
    LDL (mg/dL)a 77.26 (22.02) 
    Fasting Glucose (mg/dL)a 82.23 (6.63) 
    Systolic Blood Pressure (mm Hg)a 128.94 (25.16) 
    Diastolic Blood Pressure  (mm Hg)a 88.36 (21.98) 

Note. a = Mean (SD), b = n (%). N = 32: Participants with available CAC 
migration data. This sample did not significantly differ from the larger 
sample with task reactivity data (N=106) on these risk factors. 
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Highlights 
 

 We model social threat in interracial interactions among African Americans. 

 We assayed circulating angiogenic cell (CAC) function, a marker of vascular 
repair. 

 In vivo, threat was associated with higher cortisol and decreased CAC 
function. 

 In vitro, cortisol inhibited CAC function. 

 Social threat may impact vascular repair via a cortisol-CAC pathway. 
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Supplemental	Methods	
	
Participant	Exclusion/Inclusion	Criteria	
	 	

Exclusion	criteria	included	current	smoking;	a	report	of	a	physician’s	diagnosis	of	hypertension,	a	
heart	murmur,	CAD,	diabetes,	renal	disease,	dyslipidemia,	cancer,	autoimmune	disease;	having	a	
pacemaker;	pregnancy	or	breastfeeding;	a	mood	disorder;	blood	draw	phobia;	or	use	of	steroid	
medications	(oral	or	topical)	or	cardiovascular	medications,	such	as	anti-hypertensives,	anti-coagulants,	
statins,	beta-blockers.		Three	women	were	taking	oral	contraceptives;	hence,	this	was	statistically	
controlled	for	in	all	final	analyses	of	CACs.		
	
The	Interracial	Interaction	Task	
	

In	the	larger	sample	(N=106),	a	previously	published,	laboratory-based,	interracial	interaction	
task	was	conducted	to	elicit	psychological	reactivity	(1).		African	American	participants	provided	initial	
consent	and	then	rested	to	establish	basal	responses.	Next,	they	were	introduced	over	a	television	
monitor	with	a	live	feed	to	a	White,	same-sex	member	of	the	research	team	posing	as	a	participant	(i.e.,	
confederate).	The	dyad	was	instructed	that	one	of	them	would	be	giving	a	speech	about	their	strengths	
and	weaknesses,	while	the	other	one	would	evaluate	the	person	giving	the	speech.		After	the	speech,	the	
dyad	was	brought	together	in	the	same	room,	where	they	received	evaluative	feedback	and	completed	
cooperative	tasks.	The	evaluations,	previously	shown	to	elicit	a	physiologic	stress	response	(1),	were	
standardized	and	delivered	by	a	written	form.		
	
Psychological	Measures	
	

Self-reported	affect	and	cognitive	appraisals	were	assessed	before,	during	and	after	participants	
engaged	in	the	task	(1).	Based	on	our	previous	research	demonstrating	that	threat	reactivity	is	a	key	
psychological	factor	associated	with	heightened	cortisol	(2),	we	hypothesized	that	threat	would	also	be	
related	to	poorer	CAC	function.	Moreover,	as	threat	activates	neural	circuits	(connecting	the	amygdala	
with	the	prefrontal	cortex)	associated	with	anxiety	and	poorer	sustained	attention	(3),	we	adapted	the	
Positive	and	Negative	Affect	Schedule	(PANAS)	to	construct	brief	measures	of	self-reported	anxious	affect	
and	attention	before	and	after	the	task.	Anxious	affect	was	assessed	as	the	mean	of	four	items:	“scared,	
nervous,	afraid,	jittery.”		Attention	was	assessed	using	the	mean	of	the	items:	“attentive”	and	“alert.”		
Responses	were	scored	by	Likert	scale	(1=	Not	at	all,	5	=	A	great	deal).	Cronbach’s	alphas	for	anxiety	and	
attention	were	.77	and	.78	respectively,	including	pre	and	post	task	items.		
	

Cognitive	threat	appraisals	during	the	interaction	task	were	assessed	as	in	previous	studies	(1).	
The	appraisal	questionnaire	includes	items	assessing	the	amount	of	perceived	demands	of	the	situation	
(e.g.,	“The	upcoming	task	is	very	stressful”)	and	perceived	resources	(e.g.,	“I	have	the	abilities	to	perform	
the	upcoming	task	successfully.”)	Demands	and	resources	were	assessed	on	a	7-point	scale	(1=Strongly	
Disagree	to	7=Strongly	Agree)	with	four	items	each	(demands:	α=.76;	resources:	α=.83).	Threat	appraisal	
was	quantified	as	the	ratio	of	demands	to	resources,	with	higher	ratios	indicting	greater	perceived	
demands	relative	to	resources,	and	hence,	a	psychological	state	of	threat.	Five	participants	did	not	
answer	all	post-task	questions	and	were	not	included	in	the	analyses	of	change.	In	the	larger	study,	half	
the	participants	were	administered	intranasal	oxytocin,	and	our	analyses	established	that	this	did	not	
impact	the	psychological	factors	examined	herein	(e.g.,	changes	in	anxiety,	attention);	hence,	it	was	
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included	as	a	covariate	in	all	analyses	of	these	factors.	Biological	outcomes	were	measured	during	a	
separate	visit,	and	anxious	affect	was	reassessed	prior	to	the	blood	draw	on	that	same	day.			
	
Visit	#2:	Saliva	and	Blood	Sampling	
	

In	a	second	visit,	roughly	two	months	after	the	laboratory	task,	a	convenient	subsample	of	34	
participants	returned	and	provided	blood	and	saliva	samples.	Blood	from	two	participants	could	not	be	
assayed	due	to	technical	problems,	yielding	32	participants	with	CAC	assays	(mean	age:	25.75	years,	SD:	
5.10;	47%	female).	This	subsample	did	not	significantly	differ	from	the	full	sample	on	demographic	or	
cardiovascular	risk	factors.	
	
Saliva	Collection	Protocol	
	

Research	staff	instructed	participants	in	how	to	use	IBL	SaliCap	tubes	to	take	saliva	samples,	
following	a	standard,	home-sampling	protocol	(4).	Participants	practiced	collecting	a	sample	in	front	of	
research	staff	to	verify	their	understanding.	Participants	were	instructed	to	provide	samples	on	the	
morning	following	the	blood	draw,	immediately	upon	awakening	and	30-minutes	after	awakening.	To	
assess	protocol	adherence,	participants	were	asked	to	record	the	exact	time	each	sample	was	gathered,	
and	research	staff	sent	reminders	to	participants	via	text	messages	or	phone	calls.	Participants	also	
answered	questions	about	the	previous	night’s	sleep	quality,	which	is	known	to	impact	the	CAR	(4).	
Thirty-four	participants	returned	salivary	samples	for	cortisol	assays,	and	26	of	those	provided	data	on	
potential	confounds	and	adherence.		CAR	data	for	one	participant	were	excluded	because	the	second	
sample	was	taken	170	minutes	after	the	first	sample	(i.e.,	CAR-time).	The	mean	CAR-time	in	the	
remaining	25	participants	with	adherence	data	on	the	timing	of	their	salivary	samples	was	33	minutes	
(SD	=	9.18).	Poor	sleep	and	protocol	adherence	(CAR-time)	were	controlled	for	in	all	subsequent	analyses	
of	the	CAR.			
	
Cortisol	Assay	
	

Salivary	samples	were	frozen	at	-80°	until	analysis.	After	thawing,	samples	were	centrifuged	at	
2000g	for	10	minutes	to	obtain	a	clear	supernatant.	100	µL	of	saliva	was	used	for	duplicate	assays	using	a	
competitive	solid	phase	time-resolved	fluorescence	immunoassay	with	fluorometric	end	point	detection	
(DELFIA)(5).	96-well-Maxisorb	microtiter	plates	were	coated	with	polyclonal	swine	anti-rabbit	
immunoglobulin,	incubated	for	24	h	at	4°C,	and	washed	three	times	with	wash	buffer	(pH=7.4).	Next,	
plates	were	coated	with	a	rabbit	anti-cortisol	antibody	and	incubated	for	48h	at	4°C.	Standards	were	
formed	by	mixing	synthetic	saliva	mixed	with	cortisol	in	a	range	from	0-100	nmol/L.	50	µL	of	biotin-
conjugated	cortisol	was	added,	and	after	30	min	of	incubation,	the	non-binding	cortisol	/	biotin-
conjugated	cortisol	was	removed	by	washing	(3x).	200	µl	europium-streptavidin	(Perkin	Elmer,	Life	
Science	Turku,	Finland)	was	added	to	each	well	for	30	minutes,	and	washed	6	times.	Next,	200	µl	
enhancement	solution	was	added	(Pharmacia,	Freiburg,	Germany),	and	within	15	min	on	a	shaker,	it	
induced	fluorescence	detected	using	a	VICTOR™	X4	Multilabel	Plate	Reader	(Perkin	Elmer,	
Massachusetts,	USA).	A	standard	curve	was	generated,	and	the	cortisol	concentration	of	the	samples	was	
calculated.	The	intra-assay	coefficient	of	variation	was	between	4.0%	and	6.7%,	and	the	corresponding	
inter-assay	coefficients	of	variation	were	between	7.1%	-9.0%.	Cortisol	values	are	given	in	nmol/L.	
	
Blood	Draw	Protocol	
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Participants	came	into	the	Clinical	Research	Center	at	University	of	California,	San	Francisco	for	a	
fasting	blood	draw	between	9-11	am.		Women	were	tested	during	the	follicular	phase	of	the	menstrual	
cycle	when	estrogen	is	at	the	lowest	point.		Participants	were	asked	to	refrain	from	exercise	or	caffeine	
intake	on	the	morning	of	the	draw.		After	participants	had	rested	for	15	minutes,	a	trained	research	nurse	
drew	blood.	Whole	blood	collected	into	sodium	heparin	tubes	was	processed	within	30	minutes,	to	
isolate	serum,	plasma,	and	peripheral	blood	mononuclear	cells	(PBMCs).		
	
CAC	isolation	
	

PBMCs	were	isolated	by	density	centrifugation	in	AccuspinTM	System-Histopaque-1077	(Sigma-
Aldrich).	PBMCs	were	plated	for	three	hours	in	fibronectin-coated	dishes	with	endothelial	basal	medium	
(EBM-2	Cambrex),	supplemented	with	EBM-2MV	SingleQuot	and	20%	FBS	to	remove	adherent	
circulating	cells	and	shed	endothelial	cells.	At	the	end	of	the	three	hours,	the	initially	non-adherent	cells	
were	harvested	and	frozen	in	liquid	nitrogen	at	a	concentration	of	1	x	107	cells/mL	in	EBM-2	with	EBM-
2MV	SingleQuot,	20%	FBS	and	10%	DMSO.	Prior	to	functional	assays,	PBMCs	were	thawed	and	cultured	
on	fibronectin-coated	dishes	as	previously	described	(6-8),	for	7	days	in	EBM-2	media	with	EBM-2MV	
SingleQuot	and	20%	FBS,	refreshing	the	media	every	two	days.		Notably,	we	did	not	add	hydrocortisone	
to	the	media,	as	per	the	SingleQuot,	to	prevent	confounding	of	cortisol	experiments.	Prior	to	the	
migration	assay	CACs	were	isolated	by	washing	off	non-adherent	cells.		VEGF	was	placed	in	the	lower	
portion	of	the	Boyden	chamber	to	induce	a	chemotactic	gradient,	whereas	cortisol	was	placed	in	both	
chambers	(non-gradient).		RU486	(Sigma)	was	used	for	the	glucocorticoid	receptor	antagonist	
experiment.	Previous	studies	by	our	lab	(7,	9)	have	characterized	the	surface	phenotype	of	these	7-day	
CAC	cultures	as	follows:	Ulex	europeus	agglutinin	lectin	binding	and	acetylated	LDL	uptake	(>95%	
double-positive),	CD14	(68-70%),	CD11b	(54-55%),	CD45	(85-93%),	KDR	(24-49%),	CXCR4	(57-59%),	
CD31	(49-63%),	CD3	((≤1%),	CD34	(≤1%),	and	CD133	(≤1%).	
	
CAC	Migration	
	

These	assays	have	been	validated	in	a	previous	study	contrasting	older	patients	with	coronary	
artery	disease	with	older	healthy	and	younger	healthy	men	and	women	(8).		600	µL	of	EBM-2	media	was	
added	to	the	bottom	of	a	24-well	transwell	chamber	(Corning).	2	x	105	cells	(post	7-day	culture)	were	
resuspended	in	100	uL	EBM-2	supplemented	with	0.5%	BSA,	added	to	each	Boyden	chamber	insert	(8	
µm	pores,	Corning)	and	placed	in	the	corresponding	24-well	tissue	culture	plate.		For	the	primary	
migration	assay	conducted	among	all	32	participants,	three	conditions	were	tested	in	triplicate:	1)	no	
VEGF	control,	2)	50	ng/mL	VEGF	(Sigma)	placed	at	the	bottom	of	the	chamber,	establishing	a	chemotactic	
gradient,	3)	VEGF	(bottom	chamber	only)	+	1	uM	cortisol	(Sigma),	applied	with	an	even	distribution	(top	
and	bottom	chamber).		Cells	migrated	during	a	6-hour	incubation	period	at	37°C.		Cells	attached	to	the	
underside	of	the	insert	membrane	were	fixed	in	4%	formaldehyde	and	cells	remaining	on	the	topside	of	
the	membrane	were	removed	with	a	cotton	swab.		The	membrane	was	mounted	on	a	glass	slide	and	
stained	using	Hoechst	33342	(Invitrogen).	The	number	of	migrated	cells	in	5	standardized	fields	per	
membrane	was	counted	using	fluorescence	microscopy.		The	final	migration	count	was	averaged	across	
the	triplicates,	using	the	median	of	the	5	fields.			
	
VEGF	protein	in	CAC-Conditioned	Media	
	

Prior	to	the	primary	experiment,	samples	of	EBM	+	5%	FBS	were	tested,	and	were	found	not	to	
yield	detectable	levels	of	VEGF	protein,	thus	verifying	that	the	culture	medium	did	not	contribute	
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significant	background	noise.		To	investigate	the	impact	of	culture	time	and	cortisol	dose,	we	first	
cultured	PBMCs	from	two	participants	in	standard	EBM	media	with	20%	FBS	and	Single-Quot	for	12	and	
14	days	(7),	and	non-adherent	cells	were	discarded.		In	the	last	48	hours,	the	medium	was	completely	
replaced	with	EBM	with	no	additional	growth	factors	and	5%	FBS,	with	or	without	cortisol	present	(at	
300	or	1000	nM).		CAC-conditioned	media	was	collected	and	frozen	for	later	VEGF	ELISA	(Human	VEGF	
Quantikine	ELISA	kit,	R&D	Systems,	Inc.).	The	intra-	and	interassay	coefficients	of	variation	respectively	
range	from	3.5-6.5	and	5.0-8.5,	and	the	limit	of	detection	is	less	than	5.0	pg/mL.		Both	the	300	nM	and	
1000	nM	doses	of	cortisol	inhibited	VEGF	secretion,	but	there	was	no	significant	difference	in	the	
magnitude	of	the	inhibition.	To	replicate	the	initial	finding	that	300nM	cortisol	reduced	VEGF	secretion	in	
CAC-CM	after	12	days	of	culture,	we	then	conducted	a	second	experiment	with	PBMCs	from	another	three	
participants	(results	expressed	as	pg/day	x	106	cells).			

	
Data	Analyses	

	
Stress	reactivity	in	the	larger	sample	(N=106)	was	assessed	using	repeated	measures	to	establish	

whether	anxiety	and	attention	changed	significantly	in	response	to	the	task.	To	assess	the	relationship	
between	stress	reactivity,	the	CAR,	and	CAC	function,	residualized	change	variables	were	created	
inputting	attention	and	anxiety	pre-stress	task	as	predictors	of	attention	and	anxiety	post-stress	task,	and	
saving	the	standardized	residuals.	As	in	previous	publications	(10),	the	CAR	was	calculated	as	the	
difference	score	of	cortisol	measured	at	30	minutes	post-awakening	minus	immediately	post-awakening.	
Twenty-five	participants	who	reported	valid	adherence	data	(i.e.,	sampling	times	and	potential	
confounds)	were	included	in	the	analysis.		Associations	between	the	CAR	and	CAC	function	were	assessed	
using	regression	analyses,	which	controlled	for	day-of	factors	(previous	night’s	sleep	quality	and	
adherence	to	protocol	timing)	(4,	11).		Age	and	gender	were	not	significantly	associated	with	either	the	
CAR	or	CAC-GS,	but	were	included	as	covariates	in	final	regression	analyses.	Group	differences	in	cell	
culture	experiments	are	expressed	as	the	mean	±	standard	error	of	the	mean,	and	were	tested	using	
repeated	measures	ANOVA	with	a	critical	alpha	of	.05.	CAC	glucocorticoid	sensitivity	(CAC-GS)	was	
quantified	by	subtracting	the	number	of	cells	that	migrated	to	VEGF	with	cortisol	(1000	nM)	from	the	
number	migrating	to	VEGF	alone,	and	multiplying	by	-1	so	that	higher	scores	represent	greater	
glucocorticoid	sensitivity.	For	correlational	analyses,	CAC	migration	to	VEGF,	CAC-GS	and	threat	
appraisals	were	natural-log	transformed	to	improve	the	normality	of	the	distribution.	
	
References	
	
1.	 Mendes	WB,	Major	B,	McCoy	S,	&	Blascovich	J	(2008)	How	attributional	ambiguity	shapes	

physiological	and	emotional	responses	to	social	rejection	and	acceptance.	J	Pers	Soc	Psychol	
94(2):278-291.	

2.	 Aschbacher	K,	et	al.	(2013)	Good	stress,	bad	stress	and	oxidative	stress:	Insights	from	anticipatory	
cortisol	reactivity.	Psychoneuroendocrinology	38(9):1698-1708.	

3.	 Forster	S,	Nunez	Elizalde	AO,	Castle	E,	&	Bishop	SJ	(2013)	Unraveling	the	Anxious	Mind:	Anxiety,	
Worry,	and	Frontal	Engagement	in	Sustained	Attention	Versus	Off-Task	Processing.	Cereb	Cortex.	

4.	 Adam	EK,	Hawkley	LC,	Kudielka	BM,	&	Cacioppo	JT	(2006)	Day-to-day	dynamics	of	experience--
cortisol	associations	in	a	population-based	sample	of	older	adults.	Proc	Natl	Acad	Sci	U	S	A	
103(45):17058-17063.	

5.	 Dressendorfer	RA,	Kirschbaum	C,	Rohde	W,	Stahl	F,	&	Strasburger	CJ	(1992)	Synthesis	of	a	
cortisol-biotin	conjugate	and	evaluation	as	a	tracer	in	an	immunoassay	for	salivary	cortisol	
measurement.	J	Steroid	Biochem	Mol	Biol	43(7):683-692.	



Supplement:	Threat,	Cortisol	and	CAC	function	
Aschbacher	et	al.	

	

	 5	

6.	 Aschbacher	K,	et	al.	(2012)	Higher	fasting	glucose	levels	are	associated	with	reduced	circulating	
angiogenic	cell	migratory	capacity	among	healthy	individuals.	Am	J	Cardiovasc	Dis	(2):12-19.	

7.	 Heiss	C,	et	al.	(2010)	Nitric	oxide	synthase	expression	and	functional	response	to	nitric	oxide	are	
both	important	modulators	of	circulating	angiogenic	cell	response	to	angiogenic	stimuli.	
Arterioscler	Thromb	Vasc	Biol	30(11):2212-2218.	

8.	 Chen	Q,	et	al.	(2015)	Overexpression	of	nitric	oxide	synthase	restores	circulating	angiogenic	cell	
function	in	patients	with	coronary	artery	disease:	Implications	for	autologous	cell	therapy	for	
myocardial	infarction	Journal	of	the	American	Heart	Association:in	press.	

9.	 Heiss	C,	et	al.	(2008)	Pleiotrophin	induces	nitric	oxide	dependent	migration	of	endothelial	
progenitor	cells.	J	Cell	Physiol	215(2):366-373.	

10.	 Pruessner	M,	Hellhammer	DH,	Pruessner	JC,	&	Lupien	SJ	(2003)	Self-reported	depressive	
symptoms	and	stress	levels	in	healthy	young	men:	associations	with	the	cortisol	response	to	
awakening.	Psychosom	Med	65(1):92-99.	

11.	 Chida	Y	&	Steptoe	A	(2009)	Cortisol	awakening	response	and	psychosocial	factors:	a	systematic	
review	and	meta-analysis.	Biological	Psychology	80(3):265-278.	

	




