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a  b  s  t  r  a  c  t

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.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Psychosocial stress constitutes a significant cardiovascular risk
actor in large epidemiological studies (Yusuf et al., 2004). The
apacity to detect social threats and mobilize robust wound-
ealing responses may  have conferred evolutionary survival

dvantages. Whereas an “adaptive” acute stress response termi-
ates after the event has passed, chronic stress exposure may

mpair appropriate resolution, via a mechanism of cellular desensi-

∗ Corresponding author at: Department of Psychiatry, 3333 California Street, Suite
65, San Francisco, CA 94143-0848, United States. Fax: +1 415 476 7744.

E-mail address: kirstin.aschbacher@ucsf.edu (K. Aschbacher).
1 These authors contributed equally to this work.
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306-4530/© 2016 Elsevier Ltd. All rights reserved.
tization 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 angio-
genic 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 popula-
tions 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 exces-
sive angiogenesis contributes to inflammation (Hirono et al.,
2009), atherosclerosis (Holm et al., 2009), and diabetic retinopa-
thy (Titchenell and Antonetti, 2013). We  use the term CACs rather

dx.doi.org/10.1016/j.psyneuen.2016.02.019
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Table 1
Cardiovascular risk characterization.

Cardiovascular risk factor statistical stimate

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)
K. Aschbacher et al. / Psychoneu

han early EPCs, because although CACs exhibit endothelial quali-
ies, CAC cultures consist predominantly of monocytic cells (Heiss
t al., 2010), and their therapeutic effects are mediated by paracrine
ecretion of growth factors and antioxidants (Di Santo et al., 2009;
arrotte et al., 2010), rather than by endothelial differentiation

Hirschi et al., 2008).
A cardinal index of CAC function is the capacity to migrate

oward growth factors, such as vascular endothelial growth fac-
or (VEGF), a master regulator of angiogenesis (Gupta and Zhang,
005). CAC migration in vitro reflects the capacity of CACs to migrate
oward sites of tissue damage and promote repair via paracrine
ecretion of growth factors. CAC migration is decreased in patients
ith 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 cardiovas-
ular disease or diabetes, reduced CAC migration prospectively
redicts greater carotid artery intima-media thickness (Keymel
t al., 2008) and correlates with metabolic risk factors (Aschbacher
t al., 2012a) and better endothelial function (Van Craenenbroeck
t al., 2010). In animals, delivering CACs or CAC-conditioned media
o sites of ischemic vascular injury can regenerate damaged tissue
Kalka et al., 2000; Di Santo et al., 2009; Ma  et al., 2009; Toyama
t al., 2012; O’Loughlin et al., 2013). Hence, CAC function is more
han a “biomarker,” it is a mechanism of vascular repair.

To date, no published studies have linked psychological stress
r stress hormones with CAC function; however, self-reported dis-
ress is associated with EPC number (Van Craenenbroeck et al.,
009; Chen et al., 2011). Stressful events could potentially impact
AC function via threat perceptions and secretion of glucocorti-
oids (GCs), such as cortisol. Cortisol is particularly reactive to social
hreat (Dickerson and Kemeny, 2004; Aschbacher et al., 2013), and
an impair endothelial nitric oxide synthase (eNOS) expression
Liu et al., 2009), a regulator of CAC migration (Heiss et al., 2010).
ence, the effects of cortisol on CAC function constitute a poten-

ially important CVD risk pathway. The current study investigated
his pathway among African Americans because discrimination is

 chronic social stressor, and African Americans have higher age-
djusted rates of death from coronary heart disease than European
mericans and other major racial/ethnic groups (Gillespie et al.,
013). To elicit social threat, we used an acute interracial inter-
ction paradigm, which permits laboratory manipulation of the
ocial context and quantifies the “live process” of how individuals
espond to interracial interactions (Mendes et al., 2007b).

Chronic social stress is associated with decreased leukocyte GC
ensitivity (Miller et al., 2008; Bellingrath et al., 2013), and with
mpaired wound healing (Kiecolt-Glaser et al., 2005). However,
o date, no published study has explored whether CACs exhibit
tress-associated decreases in GC sensitivity. While decreased GC
ensitivity may  protect cells from excess GC exposure, it may  also
mpair the restoration of homeostasis after a stressor (Sapolsky
t al., 2000). We hypothesized that: 1) cortisol would inhibit
AC function in vitro, but 2) stress-reactive participants would
ave lower CAC-GC sensitivity in vivo. To test this hypothesis, we
ssessed the GC sensitivity of CACs in vitro and cortisol in vivo, using
he cortisol awakening response (CAR). The CAR captures the diur-
al cortisol peak in the first 30 min  post-awakening (Clow et al.,
010), and a higher CAR is associated with life stress (Chida and
teptoe, 2009).

In sum, we  hypothesized that cortisol might constitute a path-
ay by which threat could affect CAC function. Moreover, we

efined a “healthy” CAC profile as characterized by robust CAC
igration to VEGF and sensitivity to inhibition by cortisol (i.e.,
n in vitro profile of reactivity and recovery). To test this idea,
e recruited healthy African Americans from the community and

nvestigated relationships among: (1) threat reactivity during an
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.

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 psy-
chological 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 sub-
sample 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 ana-
lyzed 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
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 uti-
lized 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 accor-
dance 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 supplemen-
tal 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
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data on CAR adherence factors (e.g., sample timing, and prior night’s
sleep). These analyses were also significant in the unadjusted anal-
yses of 34 participants with complete cortisol data. Finally, poorer
18 K. Aschbacher et al. / Psychoneu

ompleting the interaction task (Watson et al., 1988). Trait anxious
ffect was quantified by averaging two measures of anxious affect,
aken at baseline prior to the task, and roughly two months later
uring the blood draw visit. Threat appraisals were assessed after
he speech and prior to the cooperative task, by a measure vali-
ated in previous studies (Mendes et al., 2007b; Aschbacher et al.,
012b, 2013). The construct of threat appraisals is quantified as the
atio of two subscales that tap the separate dimensions referred to
s threat versus challenge—i.e., demands (perceived stress, uncer-
ainty, required effort) versus resources (perceptions of individual
nd social resources to offset task demands).

.3. CAC isolation & migration

Blood and salivary samples were taken as part of the second visit,
hich took place an average of two months after the interaction

ask. CACs were quantified from a fasting, morning, heparinized
lood draw, as in previously published studies (Aschbacher et al.,
012a). Participants were asked to refrain from exercise or caffeine

ntake on the morning of the draw. Women  were tested during the
ollicular phase of the menstrual cycle. CACs were differentiated
rom peripheral blood mononuclear cells by removal of initially
dherent cells (3 h preplating) followed by 7 days of culture of non-
dherent cells on fibronectin-coated dishes as previously described
Heiss et al., 2010; Aschbacher et al., 2012a). CAC migration was
uantified by a transwell chemotaxis assay to using a modified
oyden chamber in triplicate assays. 50 ng/mL VEGF (Sigma) was
laced in the lower portion of the chamber to induce a chemotac-
ic gradient (Heiss et al., 2010), whereas cortisol was  placed in both
hambers (non-gradient). The final unit of analysis was  the number
f migrated cells per high-power microscope field, as determined
sing fluorescence microscopy, given that a standardized number
f cells (20,000) were placed in the chamber at the start of the
igration assay (see Supplementary methods for details).

.4. VEGF protein in CAC-conditioned media

CACs are believed to exert their therapeutic effects by secreting
rowth factors, such as VEGF, that stimulate angiogenesis. Hence,
e wanted to establish whether cortisol could inhibit this criti-

al therapeutic mechanism. To test whether cortisol inhibits CAC
ecretion of VEGF, we first conducted a dose and timing exper-
ment to establish the methods. Next, a second experiment was
onducted to replicate the significant findings. First, PBMCs from
wo participants were cultured in standard EBM media with 20%
BS and Single-Quot for 12 days and 14 per standard CAC proto-
ols (Heiss et al., 2010), and non-adherent cells were discarded.
8 h prior to the end of the experiment, the medium was com-
letely replaced with EBM with no additional growth factors and
% FBS. During this 48-hour period, we contrasted treatment with
nd without high dose cortisol (300 and 1000 nM). Thereafter,
AC-conditioned media was collected and frozen for later VEGF
LISA (Human VEGF Quantikine ELISA kit, R&D Systems, Inc.). To
eplicate the key results, we again cultured PBMCs from three par-
icipants for 12 days and compared treatment in wells with versus
ithout 300 nM cortisol (VEGF secreted in CAC-CM expressed as

g/day × 106 cells).

.5. Salivary cortisol protocol

Thirty-four participants provided salivary samples (IBL SaliCap
evices) on the morning following the blood draw, for calculation

f the cortisol awakening response (CAR). Of these, 26 participants
rovided complete data on protocol adherence. One participant’s
AR data was excluded as he/she reported a 170-min interval
etween the two samples, when instructed to take them 30 min
ocrinology 67 (2016) 216–223

apart. Hence all analyses using the CAR focused on the adherent
portion of the sample (n = 25). Samples were quantified by a com-
petitive 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 min  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, multi-
plied 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 distri-
bution. 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 psy-
chological factors were analyzed in the full sample of 106, CAC
results were analyzed among the 32 participants with blood sam-
ples, 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 dif-
fer 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

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  per-
ceived 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 inter-
action 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 (  ̌ = .427, p = .046) and poorer sus-
tained attention (  ̌ = −.669, p = .002)(Fig. 1), controlling for day-of
covariates, gender, and age,1 among 25 participants with complete
1 These results remained significant when additionally controlling for oral con-
traceptive use or removing those 3 participants from the analyses.
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Fig. 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 (  ̌ = .427, p = .046) and poorer sustained attention (  ̌ = −.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:  ̌ = .431, p = .011; attention:  ̌ = −.451, p = .007). Threat
a nd nor
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ppraisals were quantified as the ratio of demands to resources (log-transformed a
uantified as the residualized change score in self-reported attention from pre to
0-min  post-awakening.

elf-reported sleep quality the previous night was an independent
redictor of a higher CAR (  ̌ = −.501, p = .009).

.1.3. Individual differences in threat and anxiety are associated
ith CAC function

Trait anxious affect was significantly related to lower CAC migra-
ion to VEGF (  ̌ = −.545, p = .003; Fig. 2), controlling for age and
ender*. Greater threat appraisals (demands-resources ratio) dur-
ng the interracial interaction revealed a marginal association with
ower CAC migration to VEGF (  ̌ = −.356, p = .060) and no relation-
hip to CAC-GS (  ̌ = −.258, p = .169), controlling for age and gender.
reater perceived demands (expecting the task to be stressful and

hreatening), was significantly related to poorer CAC migration
 ̌ = −.385, p = .041) but not CAC-GS (  ̌ = −.281, p = .132). In con-

rast, perceived resources (expecting to perform well on the task)
ere not associated with CAC function. In this young, healthy, non-

moking sample, we did not see significant relationships of age,
ender, or BMI  with CAC migration to VEGF or CAC-GS.

.2. Part II: effects of cortisol on CACs in cell culture

.2.1. Cortisol inhibits CAC migration to VEGF at high physiologic
nd supraphysiologic doses

Cortisol at 1000 nmol/L significantly inhibited CAC migration to
EGF among all 32 participants (p < .001). We  conducted a dose-

esponse experiment (100, 300, and 1000 nmol/L cortisol) using
ACs from 3 participants. The upper end of normal morning plasma
otal cortisol secretion is roughly 300 nmol/L (Kudielka et al., 2004;
schbacher et al., 2014), and this level can be provoked by acute
sychological stress (Kudielka et al., 2004). Cortisol impaired CAC
igration at 300 and 1000 nmol/L, relative to VEGF alone (all

’s < .05; Fig. 3a), but did not significantly decrease migration at
00 nmol/L. Possible “priming” glucocorticoid effects (Sapolsky
t al., 2000) were explored, in which CACs were exposed to very
ow dose (30 nmol/L) cortisol for the last 48 h prior to the migration
xperiment. No priming effects were observed (data not shown).
.2.2. The glucocorticoid receptor antagonist RU486 reverses
ortisol-induced CAC inhibition

Based on previous literature (Liu et al., 2009) and the fact that
ower doses of cortisol did not significantly impair migration (corti-
malized), assessed during the interracial interaction task. Sustained Attention was
task. The CAR is quantified as the increase in salivary cortisol from awakening to

sol 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 recep-
tor. 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 func-
tion 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 2 × 2 design, we contrasted: (1)
48-h CAC pretreatment with cortisol (1000 nmol/L) versus no pre-
treatment, followed by, (2) presence or absence of cortisol during
CAC migration (lasting 6 h), 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 recov-
ery 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 h would
significantly decrease the levels of VEGF protein present in condi-
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Fig. 2. Threat and trait anxiety are associated with lower CAC migration.
*p ≤ .05, **p ≤ .01. Anxiety:  ̌ = −.545, p = .003**, Threat (demands subscale):  ̌ = −.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.

A) B) C) D)

Fig. 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 2 × 2 design was used to test the
effects  of longer-term cortisol pretreatment (“48 h 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 48 h cortisol pretreatment followed by no cortisol DM (a 6 h period). Recovery values
w ifican
C ith gr
m

t
a
s
o
t
d
e
v
a
d
s
C

3
g

t
c
w

chological 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
ere  significantly decreased relative to CAC migration to VEGF alone, but were sign
ACs  were cultured for 12 days (n = 3). In the last 48 hours, medium was replaced w
edia  was  assayed for VEGF protein.

ioned media. This was tested using ANOVA, including the dose
nd number of days cells were cultured. Treatment with corti-
ol at both 300 nM and 1000 nM significantly reduced the amount
f VEGF protein detectable in CAC-conditioned media, relative to
reatment with media alone (p = .028). Less VEGF was  present on
ay 14 than on day 12. Hence, we conducted a second validation
xperiment with three participants’ CACs, cultured for 12 days with
ersus without 300 nM cortisol. We  counted cells on the final day
nd observed that the number of cells in the two conditions did not
iffer (ns). Furthermore, this final experiment verified that cortisol
ignificantly reduced VEGF protein (pg/day × 106 cells) detected in
AC-CM (p = .034) (Fig. 3d).

.3. Part III: diurnal cortisol in vivo is associated with CAC
lucocorticoid sensitivity in vitro
We  investigated whether higher cortisol secretion, indexed by
he CAR, would be associated with lower CAC-GS. The mean value of
ortisol upon awakening was 7.76 nmol/L (SEM = .97) and at 30 min
as 9.31 nmol/L (SEM = .96), consistent with previous studies of
tly greater than CAC migration when cortisol was present DM (CACs: n = 4). Fig. 3D)
owth factor-poor media, with or without 300 nM cortisol. Finally, CAC conditioned

African Americans (Fuller-Rowell et al., 2012). A higher CAR was
significantly associated with lower CAC-GS, both in unadjusted cor-
relations (r = −.469, p = .032) and in regression analyses (  ̌ = −.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.2 Relations of the CAR with
CAC migration to VEGF did not reach significance with covariates
(  ̌ = −.399, p = .126).

4. Discussion

These findings implicate CACs as a novel pathway by which psy-
2 This association remained significant when controlling for day-of covariates and
oral  contraceptive use.
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Fig. 4. Diurnal cortisol in vivo is associated with CAC glucocorticoid sensitivity in
vitro.
*p < .05. A higher CAR (in vivo) was significantly associated with lower CAC glu-
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ocorticoid sensitivity (in vitro):  ̌ = −.524, p = .048*, n = 25. The CAR depicted is
esidualized for the full model covariates: age, gender, and day-of influences (prior
ight’s sleep and protocol adherence to sample timing).

n vascular repair is now understood to be mediated via responses
o and secretion of angiogenic factors like VEGF (Di Santo et al.,
009). We  found that trait anxiety and heightened threat dur-

ng an interracial interaction were both significantly associated
ith decreased CAC migration among young, non-smoking, African
mericans without cardiovascular disease, while controlling for
ge and gender. CAC function is an early-stage marker of vascular
epair and maintenance, detectable even in healthy young indi-
iduals. Poor CAC function is associated with early atherosclerotic
laque accumulation in individuals without cardiovascular disease
Keymel et al., 2008), and is impaired in patients with coronary
rtery disease (Vasa et al., 2001). In sum, the findings of this study
uggest the possibility that stress and cortisol could contribute to
ardiovascular disease by impairing CAC-mediated vascular repair
apacity.

Using cell culture studies, we demonstrate a pattern of findings
inking threat and cortisol with CAC function. First, in vitro, cor-
isol inhibits migratory and paracrine functions of CACs. Second,
n vivo, an elevated CAR (reflecting a higher morning rise in corti-
ol) is related to decreased CAC glucocorticoid sensitivity. A higher
AR is also related to greater threat in the interracial interaction
ask. Hence, one possible interpretation is that a sustained cellular
tate of glucocorticoid insensitivity (e.g., by chronic social stress)
ay  impair the body’s ability to terminate angiogenic responses.
hereas acute stress responses are often beneficial, chronic stress

eads to toxic health effects. Similarly, angiogenesis is beneficial
n the acute context of wound repair, but when not appropriately
erminated, it can contribute to inflammation and pathological con-
itions including atherosclerosis (Frantz et al., 2005; Pober and
essa, 2007; Holm et al., 2009; Li Calzi et al., 2010). The health
mplications of decreased CAC sensitivity to glucocorticoids have
et to be revealed. However, we hypothesize that this pathway is
ost likely to be relevant to chronic disease states where patho-

ogical VEGF signaling plays a role, such as atherosclerosis (Holm
t al., 2009).

Greater task-induced threat appraisals (the demands subscale)
nd trait anxious affect were both significant predictors of poorer
AC migratory function. Hence, a key question is whether threat
ppraisals are attributable: (1) merely to task stressfulness (inde-
endent of race), (2) to the interracial context of the interaction, or
3) specifically to perceptions of racial prejudice. These analyses do

ot investigate perceived discrimination directly, so they cannot
ddress the latter possibility. It is unlikely that threat appraisals
erely reflect task stressfulness, because anxious affect did not

ncrease during the task. In contrast, intergroup interactions (as
ocrinology 67 (2016) 216–223 221

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, dis-
crimination, 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 discrimi-
nation), 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 asso-
ciation of a higher CAR in vivo with lower CAC glucocorticoid
sensitivity in vitro supports the broader relevance of this cell cul-
ture 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 met-
rics (e.g., transcriptomics, redistribution patterns, and functional
tests). Thus far, functional outcomes suppressed by glucocorti-
coids 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 sen-
sitivity relevant to vascular repair and angiogenesis. Though it is
difficult to faithfully model “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 opti-
mized 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 infarc-
tion 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.
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.2. Limitations and future directions

As this study focused on African American participants during
nterracial interactions, it is unclear whether threat appraisals from
ny type of stressor would be related to CAC function. We  also
o not know whether other racial groups would show a similar
attern of responses. Education and income were not related to
AC function in this sample; however, this may  have been due to
he young age, small sample size, and prevalence of college stu-
ents in whom income was  confounded by parental support. This
tudy focused on the CAR rather than task-induced cortisol changes
ecause high levels of cortisol are reliably seen in the morning,
hereas the task involved cooperative aspects and therefore was

ot expected to elicit a high cortisol peak. The sample size was
ore than adequate to establish the in vitro effects of cortisol on

AC migration. However, the associations of psychological factors
ith the CAR and CAC function, and the study of VEGF secretion,

elied on a modest sample size. Alternative stress pathways may
lso impact CACs, including the autonomic nervous system, sheer
tress effects, and oxidative stress. We  have defined CAC cultures
y their morphologic and adherence properties in culture, rather
han by surface phenotype; however, researchers from our team
nd others have previously characterized CACs using a variety of
urface markers (Rehman et al., 2003; Heiss et al., 2010). Due to
he number of clinical samples, characterization was outside the
cope of this study. Future studies are needed to test whether CAC
lucocorticoid sensitivity predicts key clinical outcomes, such as
elayed wound healing, unresolved inflammation, and atheroscle-
otic plaque evolution.

. Conclusion

These data enhance our understanding of how social threat,
articularly in interracial interactions, may  impact cardiovascu-

ar disease. The challenge of chronic disease prevention involves
apping pathways from the psychosocial environment, through

hysiology, to cellular function. Novel approaches such as this one,
hich combine in vivo and in vitro paradigms, have the potential to

dvance our understanding of how social stressors impact health
utcomes. This study elucidates a novel pathway by which social
tress may  influence the cellular processes of vascular repair.
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