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Abstract

Background: Previous research in animals and humans has demonstrated a potential role of stress regulatory systems, such
as the hypothalamic-pituitary-adrenal (HPA) axis and the endocannabinoid (eCB) system, in the development of substance
use disorders. We thus investigated alterations of HPA and eCB markers in individuals with chronic cocaine use disorder by
using an advanced hair analysis technique.

Methods: We compared hair concentrations of glucocorticoids (cortisone, cortisol) and the eCBs 2-arachidonylglycerol,
anandamide (AEA), oleoylethanolamide (OEA), and palmitoylethanolamide (PEA) between 48 recreational cocaine users (RCU),
25 dependent cocaine users (DCU), and 67 stimulant-naive controls. Self-reported substance use and hair concentrations of
substances were also assessed.

Results: Significantly higher concentrations of hair cortisone were found in RCU and DCU compared with controls. Hair
concentrations of OEA and PEA were significantly lower in DCU compared with RCU and controls. Additionally, within cocaine
users, elevated cocaine hair concentration was a significant predictor for increased glucocorticoid and decreased OEA hair levels.
Moreover, higher 3,4-methylenedioxymethamphetamine hair concentration was correlated with elevated cortisone and AEA,
OEA, and PEA levels in hair within cocaine users, whereas more self-reported cannabis use was associated with lower eCBs levels
in hair across the total sample.

Conclusion: Our findings support the hypothesis that the HPA axis and eCB system might be important regulators for
substance use disorders. The mechanistic understanding of changes in glucocorticoid and eCB levels in future research might
be a promising pharmacological target to reduce stress-induced craving and relapse specifically in cocaine use disorder.
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Significance Statement

Stress-related glucocorticoids and endocannabinoids (eCBs) are suggested to be important regulators in the development of
substance use disorders. An advanced hair analysis technique was used for the determination of alterations of long-term cu-
mulative stress markers of chronic cocaine users compared with a control group. Higher glucocorticoid concentrations were
found in hair of chronic cocaine users, whereas their oleoylethanolamide and palmitoylethanolamide concentrations were lower
compared with the control group. Furthermore, 3,4-methylenedioxymethamphetamine (MDMA) hair concentrations and self-
reported cannabis use were correlated with alterations in glucocorticoid and eCB levels in hair. The here shown long-term effect
of cocaine, MDMA, and cannabis use on various stress markers in hair suggests that alterations of the HPA axis and eCB system
might have a crucial impact on the development of substance use disorders in general.

Introduction

Stress has been proposed to be a crucial risk factor for developing
and maintaining substance use disorders and thus being a prin-
cipal contributor to the vicious circle of addiction (Sinha, 2008;
Volkow et al., 2011; G. F. Koob et al.,, 2014). A number of preclin-
ical and human studies have additionally shown that various
addictive substances induce physiological stress responses in
the hypothalamic-pituitary adrenal (HPA) axis (Armario, 2010;
Wemm and Sinha, 2019). Recently, the endocannabinoid (eCB)
system also attracted increased attention in stress and addic-
tion research due to its stress-buffering effects in animals and
humans (Moreira et al., 2015; deRoon-Cassini et al., 2020). The
eCBs anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
were especially associated with stress-induced activation of
the HPA axis (Moreira et al., 2015). Accumulating evidence from
preclinical and clinical studies now suggests that direct acti-
vation of the cannabinoid type-1 (CB,) receptor by AEA, 2-AG,
and its indirect activation by palmitoylethanolamide (PEA), and
oleoylethanolamide (OEA) plays a key modulatory role in stress
vulnerability and resilience (Hill et al., 2013; Bluett et al., 2014;
Mayo et al., 2019).

Cocaine is highly addictive: 5%-6% of cocaine users develop
dependence in the first year of use, and 15%-21% develop de-
pendence during lifetime (Wagner and Anthony, 2002; Lopez-
Quintero et al., 2011). Once cocaine dependence develops, it is
associated with high relapse rates of 40%-60% during or after
specialized treatment (Simpson et al.,, 1999; McLellan et al.,,
2000). Specifically, inadequate coping of stress responses has
been associated with both the initiation and relapse of cocaine
use (Milivojevic and Sinha, 2018). However, physiological stress
responses can also be modulated by cocaine itself, as described
in the following.

Acute cocaine administration in animals and humans has
been reported to increase glucocorticoids (G. Koob and Kreek,
2007; Sinha, 2008; Wemm and Sinha, 2019). Animal studies have
furthermore shown that chronic administration of cocaine in-
creases the physiological stress load and thus sustainably
changes the responsiveness of the HPA axis (J. R. McReynolds
et al,, 2014; Wemm and Sinha, 2019). In line with that, chronic
cocaine users have been shown to display chronically elevated
basal levels of cortisol in blood and saliva (Contoreggi et al., 2003;
Fox et al., 2009; Wemm and Sinha, 2019) and a downregulation of
the glucocorticoid receptor gene (NR3C1) in blood (Schote et al.,
2019). Furthermore, elevated activity of the HPA axis in response
to psychosocial stress has been associated with increased co-
caine craving and relapse (Sinha et al., 2006). In summary, en-
hanced activity of the HPA axis seems to play an important role
in development and maintenance of cocaine use disorder.

Furthermore, preclinical studies in rats indicate that acute
cocaine administration affects the eCB system by increasing
AEA, whereas chronic cocaine administration for 10 days

decreased 2-AG in the limbic forebrain but did not change AEA
levels (Gonzalez et al,, 2002a, 2002b). However, recently, al-
terations of eCB levels, including AEA, 2-AG, OEA, and PEA, in
different rat brain structures have been reported after 14 days
of chronic active and passive cocaine administration as well
as in cocaine-induced reinstatement after 10 days of extinc-
tion training (Bystrowska et al., 2014, 2019). Accordingly, eCB
signaling, specifically via the CB, receptor, has been postulated
to be critically involved in cocaine-seeking and relapse behavior
(resulting in maintenance of cocaine use) rather than being as-
sociated with cocaine reward (entailing initiation of cocaine use
and dependence) (Wiskerke et al., 2008; Bystrowska et al., 2019;
Higginbotham et al., 2021). Recent findings suggest that stress-
induced corticosterone release in rats promotes cocaine seeking
by endocannabinoid mobilization (i.e., 2-AG) in the prelimbic
cortex (Jayme R. McReynolds et al., 2018). Additional evidence
corroborating the involvement of the eCB system in cocaine use
disorder comes from animal studies investigating the degrading
enzyme fatty acid amide hydrolase (FAAH), which terminates
the eCB signaling in the brain (Cravatt et al., 1996; Mulder and
Cravatt, 2006). Chronic administration of the FAAH inhibitor in
rats, resulting in increased levels of AEA, significantly decreased
cocaine-seeking behavior as well as cue- and stress-induced
relapse (Chauvet et al,, 2014). In humans, a single study has
investigated eCB concentrations in biological samples of indi-
viduals with cocaine use disorder, reporting increased blood
plasma levels of AEA, PEA, and OEA accompanied by decreased
2-AG levels in recently abstinent cocaine users compared with
healthy controls (Pavén et al., 2013).

The measurement of neuroendocrine indicators of the
physiological stress response can be done in blood, urine, and
saliva but show high intra-individual fluctuations because of the
underlying circadian rhythm and reflect only momentary con-
centrations at the time of sampling (Stalder and Kirschbaum,
2012). In contrast, measurement of neuroendocrine markers by
hair analysis can reflect cumulative or chronic stress exposure
across extended time periods up to several months (Stalder
and Kirschbaum, 2012). Therefore, the long-term determination
of hormones in the keratinized matrix of hair has become an
important tool in stress research in recent years (for review,
see Staufenbiel et al., 2013) and has been shown to be a bio-
marker for sustained alterations in neuroendocrine stress re-
sponses. Several studies have investigated hair cortisol across
a range of stress-related conditions in humans. Increased hair
cortisol has been shown to be associated with stressful condi-
tions such as chronic pain (Van Uum et al., 2008), alcohol use
disorder (Stalder et al.,, 2010), major depression (Dettenborn
et al., 2012), and post-traumatic stress disorder (Steudte et al.,
2011a). Moreover, eCB levels in hair have been correlated with
post-traumatic stress disorder symptoms (Wilker et al., 2016)
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and traumatic stress (Behnke et al., 2020), borderline personality
disorder (Wingenfeld et al., 2018), burnout and anxiety disorders
(Gao et al., 2020), anorexia nervosa (Tam et al., 2021), and depres-
sive symptoms (Croissant et al., 2020).

The recently established combined measurement of gluco-
corticoids and endocannabinoids in hair enables a retrospective
monitoring of the HPA axis and the eCB system (Voegel et al.,
2021). In combination with toxicological hair analysis, it pro-
vides a promising new methodology for investigating the rela-
tionship between the exposure to psychoactive substances and
psychoneuroendocrinological biomarkers.

The aim of the present project was to investigate the rela-
tionship between both neuroendocrine stress systems and rec-
reational and dependent cocaine users with an advanced hair
analysis technique (Voegel et al., 2021). We thus investigated
hair concentrations of glucocorticoids (cortisone, cortisol) and
several eCBs (2-AG, AEA, OEA, and PEA) between chronic rec-
reational cocaine users (RCU) and dependent cocaine users
(DCU) and stimulant-naive controls. Additionally, hair concen-
trations of various drugs have been determined and related
to glucocorticoid and eCBs hair concentrations. Specifically,
3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”) and
cannabis were considered as potential confounders in the ana-
lyses given that MDMA has a strong impact on the HPA axis
(Parrott et al., 2008, 2014), while exogenous cannabinoids have—
per definition—a direct effect on the eCB system (Di Marzo et al.,
2000). Moreover, both substances are known to be highly co-used
by urban Swiss cocaine users, the setting where we recruited our
study participants (Quednow et al., in press). Based on previous
findings, we expected to find increased glucocorticoid hair con-
centrations and altered eCB hair concentrations in chronic co-
caine users compared to controls (Baumann et al., 1995; Chauvet
et al., 2014; Hamilton et al., 2018). We hypothesized that these ef-
fects would be more pronounced in the group of DCU. Moreover,
we expected a positive correlation between glucocorticoid and
cocaine hair concentrations and a correlation between cocaine
and eCB hair concentrations.

MATERIALS AND METHODS

Participants

Hair samples were collected as part of the longitudinal Zurich
Cocaine Cognition Study. From the previously included 166
Zurich Cocaine Cognition Study participants (Vonmoos et al.,
2013b), hair samples of 140 participants were available for the
additional neuroendocrinological analyses reported here. These
participants were divided into the cocaine-naive control group
(n=67) and chronic cocaine users (n=73). The cocaine users
were further subdivided into RCU (n=48) and DCU (n=25). All
inclusion criteria and procedures are described in the supple-
mentary Materials. The study was approved by the Cantonal
Ethics Committee of Zurich (KEK-Nr: E-14/2009). All participants
provided written informed consent and were financially com-
pensated for their participation.

Hair Analysis

For the analysis, 2 hair strands were collected from the posterior
vertex region and cut as close to the scalp as possible. The hair
samples were stored in aluminum foil at room temperature. The
2 hair strands were cut into a 3-cm hair segment proximal to the
scalp. This segment represents approximately the last 3 months
prior to the sampling, based on an average growth rate of 1 cm/

month. Hair analysis for drugs was performed with 1 of the
hair strands according to the protocol described in Vonmoos
et al. (2013a). The following compounds were analyzed with li-
quid chromatography-tandem mass spectrometry (LC-MS/MS)
for this study: cocaine and its metabolites benzoylecgonine
and norcocaine, as well as MDMA. For further calculations, the
sum of cocaine, benzoylecgonine, and norcocaine was used as
a variable (cocaine total hair concentration). Steroid hormone
and eCB analysis was carried out with LC-MS/MS following a
protocol by Voegel et al. (2021) with the second hair strand. Two
steroid hormones (cortisone, cortisol) and 4 eCBs (2-AG, AEA,
OEA, PEA) were quantified. For further analysis, the sum of cor-
tisol and cortisone (cortisol/cortisone sum) was calculated.

Data Analysis

Statistical analyses were conducted using R version 3.6.1. (R
Core Team, 2018). The supplementary Table Al summarizes
all variables included in the statistical analyses, indicating
whether they were numerical, factorial, or binary as well as log-
transformed for non-normal distributed variables. A schematic
process of the analytical steps is included in the supplementary
Materials (Figure Al).

Testing for Age and Sex as Covariates—Previous studies have re-
ported influences of sex and age on the concentration of gluco-
corticoids and eCBs in hair (Dettenborn et al., 2012; Mwanza
et al,, 2016; Binz et al., 2018; Gao et al., 2020; Lanfear et al., 2020).
Therefore, linear regression analyses were conducted with
glucocorticoid and eCB hair concentrations as dependent vari-
ables and sex and age as regressors within the control group to
determine whether they should be included as covariates in the
other analyses. Within the control group, sex had a significant
association with the endocannabinoids 2-AG and AEA (P<.05;
see Table A2 in supplementary materials). Hence, all models
with 2-AG or AEA as dependent variables were controlled for
sex.

Between-Group Analyses—We used standard linear models in R
[Im() and ANOVA() with type I tests] to test for differences in
glucocorticoid and eCB hair concentrations between groups.
To compare between controls and chronic cocaine users, con-
trols and DCU, controls and RCU, and RCU with DCU, the 3-level
factor was split repeatedly into 2 contrasts. For example, we
split groups into controls vs chronic cocaine users and RCU vs
DCU and then fitted the model as controls vs chronic cocaine
users+RCU vs DCU (note that with type I tests, the terms are
added sequentially).

A sensitivity analysis for group comparisons (3 groups) of

glucocorticoid and eCB hair concentrations was conducted
using G*Power 3.1 (Faul et al., 2009). With the available 140 hair
samples and assuming an a-error probability of .05 and a power
of 80%, we are able to reliably detect at least effects with a me-
dium effect size of Cohen’s f=0.265 (d=0.530).
Predictors of Neuroendocrine Hair Concentration—To test whether
additional variables such as self-reports of stress-related psy-
chiatric symptoms and cannabis use had an association with
glucocorticoid and eCB hair concentrations, we tested each
variable combination with a linear model. Given that controls
rarely had non-zero values for cocaine-/MDMA-related vari-
ables, linear relationships between cocaine-/MDMA-related
variables and glucocorticoids were tested within chronic co-
caine users only.

If a variable was significantly associated with 1 measure-
ment, this variable was later taken into account in all models
with measurements of the same class. For example, if a variable


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyab070#supplementary-data

was significantly associated with cortisone concentration, it was
used in models including cortisol concentration or cortisone/
cortisol sum. The covariates identified in these analyses were
then used to test whether the association between cocaine or
MDMA hair concentrations and glucocorticoid/eCB concentra-
tions were direct or potentially indirect via the covariates. We
did this by including the covariates and the cocaine or MDMA
hair concentrations in linear regression models with type II
tests, each term was tested after correcting for all other terms
(interactions were not included). These analyses were done only
within chronic cocaine users. For the glucocorticoids, the fol-
lowing covariates were included: MDMA concentration in hair,
cannabis concentration in urine, cigarettes per week, years of
school education, SCL-90R anxiety scale, and SCL-90R posi-
tive symptom distress index. For the eCBs, MDMA concentra-
tion in hair, years of cocaine use, years of cannabis use, ADHD
sum score, and SCL-90R positive symptom distress index were
included (for details, see Table A3, supplementary Materials).
The statistical comparisons were carried out with a significance
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RESULTS

Demographic data and drug use variables of chronic cocaine
users and controls are displayed in Table 1. The groups did not
differ in terms of sex and age. However, as shown previously in
this cohort (Preller et al., 2013; Vonmoos et al., 2013b), cocaine
users had fewer years of school education, smoked a higher
number of cigarettes per week, and drank more alcohol per
week. Moreover, cocaine users showed a higher level of symp-
toms of depression (BDI) and ADHD as well as elevated SCL-90-R
Anxiety, Psychoticism, and PSDI scores.

Group Comparisons: Chronic Cocaine Users and
Control Group

Table 2 and Figure 1 display glucocorticoid and eCB hair concen-
trations in cocaine user groups and controls. Chronic cocaine
users showed elevated cortisone hair concentrations com-
pared with controls (F,,,=6.69, P=.011, ?=0.047), which was

(1,136

level of P<.05 (2-tailed). mainly driven by the DCU group (controls vs DCU: F, ., =6.50,
Table 1. Demographic Data and Drug Use Variables
Stimulant-naive controls Chronic cocaine users
n=67 n=73 Value df P

Female/male® 20/47 24/49 %2-0.15 1 .700
Age? 29.1(7.6) 31.3(9.5) t=-1.50 138 135
Years of education® 11.0 (1.8) 9.9 (1.4) t=4.09 124.7 <.001
Verbal 1Q* 108 (12.3) 103 (11.1) t=2.45 138 .015
BDI sum score® 4.3 (4.5) 8.8(7.1) t=-4.48 122.8 <.001
ADHD-SR? 7.9 (4.9) 13.6 (8.9) t=—4.74 113.8 <.001
SCL-90-R Anxiety® 0.23 (0.3) 0.57 (0.6) t=-4.35 104.6 <.001
SCL-90-R Psychoticism? 0.13 (0.2) 0.36 (0.4) t=-4.47 105.3 <.001
SCL-90-R PSDI® 1.1(0.3) 1.5(0.5) t=-5.60 131.7 <.001
Smoker/non-smoker? 50/17 69/4 %?-10.84 1 .001
Cigarettes per week"< 70.7 (57.7) 108 (60) t=-3.44 117 .001
Alcohol grams/week? 124 (127) 195 (231) t=-2.30 113.7 .023
Cocaine
Grams per week” — 2.6 (4.5)
Lifetime grams® 0.12 (0.7) 2625 (6999)
Years of use? — 6.0 (1.0-30.0)
Cocaine total hair concentration® pg/mg 5.4 (26.5); 9674 (16964);

0 (0-170) 2465 (45.0-82700)
Cannabis
Cannabis consumption® (y/n) 31/36 47/26 ¥>=4.65 1 .031
Grams per week” 0.58 (1.5) 1.0(2.7) t=-0.49 76 625
Lifetime grams¢ 55.1 548 t=-2.65 48.6 .011

(0-54750) (0-27740)
Years of use? 4.0 (0-28.0) 7.0 (0-34.0) t=-2.11 76 .038
MDMA
Pills per week® — 0.07 (0.2)
Lifetime pills® 1.0 (3.5) 42.3 (105)
Years of use! 0 (0-13.0) 0 (0-12.0)
Positive hair test® (y/n) 2/65 32/41
Hair concentration® pg/mg 8.3 (45.3); 746 (2014);

0 (0-310) 0 (0-12000)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; BDI, Beck’s Depression Inventory; MDMA, 3,4-Methylenedioxymethamphetamine; PSDI, Positive Symp-

tom Distress Index.

Significant P-values are marked in bold.
“Number

"Mean (standard deviation)

‘Only within smokers

“Median (range)

‘Mean (standard deviation); median (range)
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Table 2. Group Comparisons: Glucocorticoid and eCB Hair Concentrations in Chronic Cocaine Users and Healthy Controls

Stimulant-naive controls

Chronic cocaine users

n=67 n=73 F df P 02
Glucocorticoid hair concentrations
Cortisol pg/mg .3 (15.0); .2 (18.8); 2.93 1,125 .090 0.02
5 (0.5-126) 2.2(0.5-163)
Cortisone pg/mg 4(4.7); 10 8 (9.4); 6.69 1,136 .011 0.05
8(1.7-22.9) 7 (0.19-43.2)
Cortisol/cortisone sum 11 7 (16.6); 16 9 (23.9); 3.77 1,125 .054 0.03
5 (2.7-138) 6 (0.32-189)
eCB hair concentrations
2-AG pg/mg 67.4 (40.2); 66.0 (33.4); 0.08 1,137 784 <0.01
62.6 (14.4-284) 60 3 (1.0-178)
AEA pg/mg 1.6 (2.0); .3 (1.0); 0.68 1,130 411 <0.01
1.2 (0.3-17.0) 0(0.3-6.4)
OEA pg/mg 3524 (4429); 2654 (3940); 4.62 1,137 .033 0.03
2378 (186-32598) 1372 (20.1-30456)
PEA pg/mg 3916 (3273); 3385 (3842); 3.76 1,137 .054 0.03
3010 (438-16457) 1834 (42.7-24077)

Abbreviations: AEA, anandamide; eCB, endocannabiniod; OEA, oleoylethanolamide; PEA, palmitoylethanolamide; 2-AG, 2-arachidonylglycerol.
Mean (standard deviation); median (range) are shown with significant P-values marked in bold.

61 Cortisone x 121 12+
10 10 -
8 - 8 -
6 6
_ 4- af ! X¥ 5
g
= 21 24
5
S . : : 01 01 : :
‘g : : ' : : :
g 6 1 Cortisol 61 44 AEA
o 54 . . 5-
o 34 .
T 4 4l
L] 3-
|. 2- ’
T— | 7 :
L) 1 0- L) 1 Ll 1 I Ll
Control RCU DCU Control RCU DCU Control RCU DCU

Figure 1. Group differences in glucocorticoids and eCB hair concentrations displayed by boxplots with individual data points. Boxplots show the median with the lower

and upper quartiles +1.5 inner quartile range. Significant P-values marked with P<.05% P<.01*, P<.001***

Abbreviations: 2-AG, 2-arachidonylglycerol; AEA, anandamide; DCU, dependent cocaine user, OEA, oleoylethanolamide; PEA, palmitoylethanolamide; RCU, recre-

ational cocaine users.

P=.012,71?=0.045). Variance of cortisone was not significantly ex-
plained by the group contrasts RCU vs DCU (F, ,,,,=1.01, P=.317,
1%2=0.007), but a marginally significant difference was found for
the contrast controls vs RCU (F, .,

=3.53,P=.062,7112=0.025). None

significant (F

of the group contrasts was a significant predictor for cortisol and
cortisol/cortisone sum. However, for cortisol, the comparison
between chronic cocaine users and controls was marginally
,=2.93, P=.090, n’=0.023). For cortisol/cortisone



sum, the differences in hair concentration between chronic co-
caine users and controls (F, ,,;=3.77, P=.054, 1*=0.029) and be-
tween controls and DCU (F,, ,,, =3.72, P=.056, 1’=0.029) were not
significant. All other contrasts for cortisol and cortisone sum
were clearly insignificant (P > .11).

For the eCBs, significant group effects were found for OEA
with the group contrasts controls vs chronic cocaine users
(F157 =462, P=.033, 1*=0.031), controls vs DCU (F,,,,=12.23,
P<.001, 1?=0.082), and RCU vs DCU (F,,,,=7.91, P=.006,
12=0.053). Chronic cocaine users showed reduced OEA hair con-
centrations compared with controls, which was again mainly
driven by the DCU group. Controls and RCU did not differ in
OEA (F,; ,5,=0.44, P=.506, n’=0.003). Furthermore, we found sig-
nificant predictors of group for PEA with the group contrasts
controls vs DCU (F,,,,=11.09, P=.001, 1*=0.075) and RCU vs
DCU (F,,,=7.77, P=.006, n’=0.052). Variance of PEA was not
significantly explained by the group contrasts controls vs RCU
(Fu157=0.24, P=.625, n?=0.002) and controls vs chronic cocaine
users (F,;,=3.76, P=.054, 1?=0.025), indicating that lower PEA
hair concentration was mainly driven by dependency of cocaine
use. None of the group contrasts were a significant predictor for
AEA and 2-AG (P> .4).

Within Chronic Cocaine User: Predictors of
Neuroendocrine Hair Concentration

Glucocorticoids and Cocaine Use—Using within-group regressions,
increased cocaine total hair concentration was found to be a
significant predictor for elevated cortisol (F,,,=5.31, P=.024,
1%=0.073), cortisone (F( )= 11.06, P=.001,1?=0.136), and cortisol/

1,70

Voegel etal. | 231

cortisone sum hair concentrations (F,, ;,, =8.79, P=.004, 1?=0.116)
(see Table A3 in supplementary Materials). Significant regres-
sion coefficients (standardized Bvalues) for glucocorticoids are
shown in Figure 2. To test whether the effect of cocaine total hair
concentration on glucocorticoids was a direct effect, we con-
trolled for previous identified variables associated with gluco-
corticoid hair concentration (i.e., MDMA hair concentration,
cigarettes per week, years of school education, SCL-90-R anx-
iety scale, and SCL-90-R positive symptom distress). The effect
of cocaine total hair concentration as a significant predictor for
cortisone (F,=7.10, P=.010, n*=0.087) and cortisol/cortisone
sum (F,,,=5.00, P=.029, ?=0.067) remained significant after
controlling for the confounding variables, whereas the effect of
cocaine hair concentration on cortisol was no longer significant
(Fy6=3-06, P=.085, 12=0.067).

eCBs and Cocaine Use—We identified increased cocaine total
hair concentration as a significant predictor for reduced OEA
(Fu7y=5-21, P=.025, n*=0.068), whereas the other eCB hair con-
centrations of PEA (F ,, =3.11, P=.082,1?=0.042), AEA (F , ; =0.02,
P=.898, n?=0.0002), and 2-AG (F(1’71=1.66, P=.202, n?=0.023) did
not reach the significance threshold within chronic cocaine
users (see Table A3 in supplementary Materials). Moreover, we
found that increased years of cocaine use in self-reports signifi-
cantly predicted lower PEA levels (F,,, =6.70, P=.012, 1?=0.086).
Significant regression coefficients (standardized (3 values) for
eCBs are shown in Figure 2. To test whether the effect of cocaine
total hair concentration on eCBs was direct, we used multiple
linear regression models type II to control for previously iden-
tified variables associated with eCB hair concentration (i.e.,
MDMA hair concentration, cocaine years of use, cannabis years

Cocaine total® .
MDMA? - .
PEA - -0.27 -0.18
OEA H-0:27 0.27 -0.22 -0.19 -0.17 -0.18
AEA 4 0.24 -0.24 -0.2
2-AG - -0.19 -0.17
Cortisone
- 0.19 0.19 0.19
+ Cortisol
Cortisol 4028 0.21
Cortisone 0.28 0.19 -0.18
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Figure 2. Heat matrix of regression coefficients with significant standardized p-values are shown (P<.05). Dependent variables are listed on the y-axis and regressors
on the x-axis.

“Within chronic cocaine users.

*Overall participants (chronic cocaine users and controls).

Abbreviations: 2-AG, 2-arachidonylglycerol; ADHD, attention deficit hyperactivity disorder; AEA, anandamide; BDI, Beck Depression Inventory; MDMA, 3,4-methylen
edioxymethamphetamine; OEA, oleoylethanolamide; PEA, palmitoylethanolamide.
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of use, ADHD sum score, and SCL-90-R positive symptom dis-
tress). The effect of cocaine total hair concentration as a signifi-
cant predictor for OEA remained significant after controlling for
the confounding variables (F,, . =4.21, P=.044, n*=0.048).

MDMA Use: Glucocorticoids and eCBs—As an exploratory analysis,
we found increased MDMA hair concentration to be a significant
predictor for elevated cortisone (F,,=5.11, P=.027, 1?=0.068)
as well as for the eCBs AEA (F, . =4.96, P=.029, 1°=0.064), OEA
(Fy,»=11.91, P=.001, 1°=0.144), and PEA (F,,,=9.48, P=.003,
1°=0.118) but not for 2-AG (F,,,=2.69, P=.106, 1?=0.037) (see
Figure 2). Furthermore, we found that more recent MDMA use
(pills per week) significantly predicted elevated OEA (F, ,,=5.58,
P=.021, n?=0.073), whereas years of MDMA use and cumulative
MDMA pills use—as indicated by the questionnaire—were not
associated with glucocorticoids and eCBs (P > .113). This indi-
cates that recent exposure to MDMA rather than chronic MDMA
use might be associated with alterations of the eCB system. To
test whether the effect of MDMA hair concentration on gluco-
corticoids and eCBs was direct, we controlled for the identified
confounding variables for glucocorticoids and eCBs mentioned
before. The effect of MDMA hair concentration as a significant
predictor for the eCBs AEA (F g, =5.03, P=.029, n’=0.068), OEA
(Fo09=1348, P<.001, n?=0.152), and PEA (F,, =9.56, P=.003,
1]2 0113) remained significant after controlling for the con-
founding variables. Furthermore, the MDMA hair concentration
effect for cortisone also remained significant after controlling
for the confounding variables (F =447, P=.038, 11?=0.055).
No interactions between cocaine total hair concentration and
MDMA substance variables on eCBs and cortisone were signifi-
cant (P > .315).

We found strong correlations of subjective reported co-
caine and MDMA use with cocaine and MDMA hair concen-
tration (P<.005), respectively (see Figure 2), indicating a high
reliability of the substance self-reports in our chronic cocaine
user sample.

Overall Predictors of Neuroendocrine Hair
Concentration

Cannabis—Additional exploratory analyses were conducted
over all participants (see Figure 2). Most interestingly, we found
years of cannabis use and lifetime cannabis use as significant
regressors for eCB hair concentrations overall. In particular, a
longer period of cannabis use (years of use) significantly pre-
dicted decreased AEA (F,,=9.02, P=.003, 1*=0.059), 2-AG
(Fy10=5-30, P=.023,7°=0.036), OEA (F,, ,,, =6.74, P=.010,7°=0.047),
and PEA( 79=11.02,P=.001,1=7.39). Higher cumulative grams
of cannabis used (lifetime use) was a significant predictor for
AEA (F,,,=6.04, P=.015, 1?=0.040), 2-AG (F,,=4.01, P=.047,
1%2=0.028), and OEA (F(1,71)=3A60, P=.060, 1?=0.0254), whereas
more recent cannabis use (grams per week) was not significantly
associated with eCBs (P>.221). This indicates that chronic ex-
posure to cannabis rather than recent use of cannabis might be
associated with changes in the eCB system.

Psychiatric Symptoms—Furthermore, psychiatric symptoms were
studied in all participants (see Figure 2). We found ADHD as a
significant regressor for OEA hair concentrations (F, ,,,=5.00,
P=.027, 1*=0.035). Higher SCL-90-R anxiety scores s1gn1ﬁcant1y
predicted higher cortisol/cortisone sum concentrations in hair
(F 12 =3-94, p=.049, 1?=0.030) and a higher SCL-90-R positive
symptom distress index was significantly associated with cor-
tisol (F, ,,,=548, P=.021, n’=0.042) and cortisol/cortisone sum
(F 1106 =4-46, P=.037,71°=0.034). Lower OEA levels in hair were sig-
nificantly associated with higher SCL-90-R psychoticism scores

=4.12, P=.044, 1?=0.029) and a higher SCL-90-R positive
=4.51, P=.035,112=0.032).

(P (1,138)

symptom distress index (F

Discussion

The aim of our study was to investigate neuroendocrine markers
of sustained stress exposure in chronic cocaine users by using
a novel hair analysis approach. Furthermore, concurrent use
of MDMA and cannabis as well as psychiatric symptoms were
investigated as important potential confounders. As expected,
chronic cocaine users showed increased cortisone and altered
OEA and PEA hair concentrations compared with controls,
which was specifically driven by the cocaine-dependent group.
Within cocaine users, elevated cortisone and decreased OEA
levels were associated with higher cocaine hair concentrations
indicating a dose-dependent effect. Moreover, decreased PEA
levels were predicted by duration of cocaine use. Findings sup-
port the notion of a dysfunctional physiological stress system in
cocaine users and suggest that alterations of the HPA axis and
eCB system might have crucial impact on cocaine use disorder.

Cocaine

Based on a novel hair analysis technique (Voegel et al., 2021),
we reliably assessed eCB hair concentrations in chronic cocaine
users and substance-naive controls. We found decreased levels
of OEA and PEA specifically in cocaine dependent users com-
pared with recreational cocaine users and the control group.
Reduced PEA and OEA levels in cocaine users were further pre-
dicted by elevated cocaine hair concentrations and years of co-
caine use indicating that a reduced eCB signaling in cocaine
users might be related to the severity of cocaine use. Endogenous
up-regulation as well as exogenous administration of PEA
and OEA in rodents were reported to show neuroprotective
and anti-inflammatory effects in models of neuropsychiatric
and neurodegenerative diseases such as Alzheimer disease,
Parkinson disease, and stroke (for review see Herrera et al.,
2016). Human and non-human primate studies have shown
that chronic cocaine exposure can cause a decrease in gray
matter volume in orbitofrontal, insular, parahippocampal, and
anterior cingulate cortices, which has been shown to relate
to the duration of cocaine use in humans (Ersche et al., 2011;
Hirsiger et al., 2019; Rabin et al., 2020; Jedema et al., 2021). Given
the reported neuroprotective effects of PEA and OEA, our re-
sults indicate that depending on cocaine use severity (duration
and dose of cocaine use in the last 3 months), the cortical ef-
fects of cocaine might be caused by its dampening effects on
the neuroprotective eCB signaling, which may in turn result in
reduced gray matter volumes and subsequently in impaired
cognitive functioning. Therefore, exogenous administration (or
pharmacologically-induced increase) of OEA or PEA might be a
potential therapeutic target for cocaine use disorder to prevent
neural damage and cognitive deficits as it was recently proposed
for alcohol use disorder (Bilbao et al., 2016; Orio et al., 2018).
Surprisingly, we did not find differences of AEA and 2-AG
hair concentrations between groups. This might be explained by
the findings that concentrations of PEA and OEA are generally
higher than AEA and 2-AG in biological samples such as plasma
and saliva (Hillard, 2018). Therefore, changes in AEA and 2-AG
in low concentration levels might be difficult to detect in the
hair matrix. Another explanation might be related to phasic
vs tonic eCB release in the brain. PEA and OEA have been re-
ported to potentiate AEA and 2-AG levels in humans through the
so-called “entourage effect” by competing for or inhibiting the



degradative FAAH enzyme (Di Marzo et al., 2001; Petrosino et al.,
2016). Therefore, our findings suggest that AEA and 2-AG levels
might also be reduced in dependent cocaine users. However,
reduced levels might occur in a more phasic and event-related
manner, whereas PEA and OEA levels may underlie a tonic re-
duction in chronic cocaine users over time. The findings by
Pavén et al. (2013) indicate a phasic increase of AEA, OEA, and
PEA as well as phasic decrease of 2-AG plasma levels in individ-
uals with cocaine use disorder compared with healthy controls.
However, cocaine users were recruited from an outpatient treat-
ment program showing 2 weeks of cocaine abstinence, current
psychological and pharmacological treatment interventions,
and a high burden of psychiatric co-morbidities. Future studies
should therefore address these issues by analyzing plasma sam-
ples of a less confounded cocaine user group with various ab-
stinence periods to investigate the stability of differences in eCB
levels between chronic cocaine and stimulant-naive controls.

In line with previous findings, our results showed that indi-
viduals with chronic cocaine use had increased glucocorticoid
levels in hair. Moreover, cortisone and cortisol levels were sig-
nificantly predicted by cocaine hair concentration in chronic co-
caine users, indicating a dose-dependent effect of cocaine use
on the HPA axis response to stress. However, studies to date have
mainly investigated the acute changes of the HPA axis response
to stress between cocaine users and control groups, but not sus-
tained neuroendocrine response over months in hair (Heesch
etal., 1995; Wemm and Sinha, 2019). The investigation of the last
3 months (3 cm hair strand) enabled a new perspective on the
long-term changes in cocaine users of cortisol and cortisone, re-
spectively. Interestingly, cortisone seemed to be a stronger bio-
marker for stress in the hair matrix compared with cortisol. The
pattern for cortisol was similar and a trend for higher cortisol
levels in hair of cocaine users was found but the relationship
for cortisone was stronger. As previously described, hair cortisol
seems to be prone to outliers whereas hair cortisone seems to be
a more reliable marker for sustained stress (Feeney et al., 2018).
Cortisol concentrations in sweat and sebum might contribute
to the incorporation into the hair matrix leading to higher vari-
ations in concentration. Another explanation could be that
cortisone is less hydrophilic than cortisol and thus can be in-
corporated at higher levels into the hair matrix.

MDMA

Moreover, the toxicological hair analysis included measure-
ments of MDMA concentration in hair, which had significant as-
sociations with cortisone. In line with our study results, MDMA
administration has been shown to increase acute cortisol levels
in healthy volunteers in saliva (Parrott et al., 2008) and in plasma
samples (Dumont and Verkes, 2006; Hysek et al., 2014; Seibert
et al., 2014). Higher cortisol levels of recreational MDMA users
have been previously found in urine (Wolff et al., 2012) as well
as in hair samples (Parrott et al., 2014). For the eCBs, MDMA con-
centration in hair was also significantly associated with AEA,
OEA, and PEA. This effect remained after controlling for several
covariates including cocaine hair concentration. MDMA acti-
vates indirectly (via excessive serotonin release) and directly the
serotonin-2A (5-HT,,) receptor, which has been reported to be
linked to the eCB signaling system in humans and animals (Haj-
Dahmane and Shen, 2011; Valverde and Rodriguez-Arias, 2013).
Specifically, activation of 5-HT neurons has been reported to in-
duce phasic release of eCBs (Peters et al., 2021). Our results are in
line with these findings showing that increased MDMA use over
the last 3 months was accompanied by elevated hair levels of
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eCBs. However, a recent study has reported no differences of AEA
and 2-AG in blood after a single dose of MDMA in polysubstance
users (Haijen et al.,, 2018). In comparison to our study, Haijen
et al. only used a single dose of MDMA (75 mg) and analyzed 3
blood samples on the same day. No direct effect of MDMA on
blood eCB concentrations was observed, but eCB concentrations
changed over the time of day (Haijen et al., 2018). The possibility
to measure long-term effects of MDMA on the eCB levels in hair
over a 3 months period enabled us to strengthen the hypothesis
that the eCB system and the 5-HT system interact with each
other. Furthermore, we found a positive association between
OEA and the number of Ecstasy pills used per week, indicating
that more recent exposure to MDMA but not chronic MDMA use
(MDMA years of use, MDMA lifetime grams) might be associ-
ated with alterations of the eCB system. Several studies showed
that the eCB system might be involved in the rewarding and re-
inforcement processes of MDMA (for review see Robledo, 2010).
Our results propose that repeated recent MDMA use may lead
to a higher endocannabinoid production, resulting in higher de-
posits in the hair matrix, which was independent of cocaine use
(no interaction with cocaine hair concentration). However, the
underlying mechanism of the role of the eCB system in MDMA
use disorder still has to be investigated.

Cannabis

The effect of cannabis on the eCB system over the whole sample
was particularly interesting. Increased years of cannabis use
and lifetime grams of cannabis consumed significantly pre-
dicted lower 2-AG, AEA, OEA, and PEA levels in hair, whereas
more recent cannabis use (grams per week) did not show any
associations with eCB hair concentrations. This indicates that
chronic exposure to cannabis rather than recent cannabis use
might be associated with changes in the eCB system. This was in
line with a previous study in humans reporting lower AEA levels
in cerebrospinal fluid in frequent cannabis users compared with
infrequent users (Morgan et al., 2013). Preclinical studies have
demonstrated reduced eCB levels and CB1 receptor signaling de-
pending on brain-structures in rats after treatment with THC (Di
Marzo et al., 2000). Moreover, cannabis users showed strongly
downregulated CB, receptors in a positron emission tomography
study using the CB, receptor inverse agonist radioligand [*F]
FMPEP-d, (Hirvonen et al., 2012). Thus, our findings corroborate
the reported previous findings that repeated cannabis use might
down-regulate the eCB signaling system over time.

Psychiatric Symptoms

For hair cortisol and cortisol/cortisone sum, we found positive
associations with SCL-90-R anxiety and PSDI ratings in the total
sample. Previous studies have shown controversial findings
with either lower (Steudte et al., 2011b) or normal (Steudte-
Schmiedgen et al., 2017) hair cortisol levels in individuals with
generalized anxiety disorder as well as higher hair cortisol levels
in patients with single-episode anxiety disorders (Elnazer et al.,
2021). Moreover, a study investigating a very large sample of
1166 patients showed that hair cortisol was increased in pa-
tients with comorbid depression and anxiety but normal in pa-
tients suffering from only 1 of both disorders (Gerritsen et al,,
2019). The association between hair cortisol and PSDI ratings is
in accordance with the meta-analytic finding that hair cortisol
is elevated in individuals exposed to chronic or ongoing stress
(Stalder et al., 2017). Furthermore, we found a negative associ-
ation of OEA and ADHD sum score, SCL-90-R psychoticism scale
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and PSDI. In fact, it has been previously suggested that the eCB
system is critically involved in the etiopathogenesis of psych-
osis (Leweke, 2012; Minichino et al., 2019) and ADHD (for re-
view see Navarrete et al., 2020). Overall, psychiatric symptoms
are often associated with reduced hair eCB levels making them
candidates for the investigation of potential biomarkers for psy-
chiatric diseases and providing new possibilities in the pharma-
cotherapy of psychiatric disorders.

Strengths and Limitations

The main strength of this study was the use of hair analysis
as a reliable tool to investigate cumulative stress marker alter-
ations in chronic cocaine users. Firstly, we used 2 highly specific
analytical methods for the determination of neuroendocrine
stress markers (glucocorticoids, eCBs) and substances (cocaine
and its metabolites, MDMA) in hair. The combination with add-
itional subjective self-reports of substance use over time (co-
caine, MDMA, and cannabis use) provided novel insights into
substance-specific interactions of chronic substance use and
the HPA axis as well as eCB system. Secondly, our analysis
tested several covariates to ensure the robustness of the results.
Although previous studies have reported that sex and age had
an influence on hair cortisol and cortisone levels (Dettenborn
et al,, 2012; Stalder et al., 2017; Binz et al., 2018; Lanfear et al.,
2020), we did not find any effects of these covariates for gluco-
corticoids in the present sample. This might be explained by
the fact that this study did not include infants, young children,
and older adults as in other previous studies (Binz et al., 2018;
Lanfear et al., 2020). Thirdly, we determined the direct effect
of cocaine hair concentration on glucocorticoid and eCB hair
levels by controlling for associated confounding variables based
on the hair toxicology and self-reports. This allowed us to infer
cocaine-specific interactions with the HPA axis and eCB system.

It is important to note that this study also had limitations.
The complexity of the endocannabinoid system with several lig-
ands and receptors is inevitably difficult to analyze in the hair
matrix. It cannot replace the measurement of acute changes of
eCBs and further studies are needed to investigate the correl-
ation of acute plasma and sustained hair eCB levels. Moreover,
previous studies have reported that alterations of the eCB
signaling system in animals and humans were related to spe-
cific brain-structures showing either increased, decreased, or no
changes in eCB levels (Gonzalez et al., 2002a; Bystrowska et al.,
2014, 2019). Our findings of decreased PEA and OEA hair levels
cannot address the question of regional brain-specific differ-
ences in eCB concentration but give information of circulating
eCB levels overall.

Conclusions

To our knowledge, this is the first study to identify a variety
of cumulative neuroendocrine markers of sustained stress in
chronic cocaine users by hair analysis. Our results corroborated
previous findings of a dysfunctional HPA stress response and es-
tablished novel findings of a reduced eCB signaling system in
cocaine users. Specifically, PEA and OEA were reduced in cocaine
users, which might also indirectly affect the stress buffering ef-
fects of AEA and 2-AG. We found that cannabis and MDMA are
important co-contributors for glucocorticoid and eCBs alter-
ations in hair of chronic cocaine users. Given that stress has
been proposed as a key risk factor for developing substance use
disorders and increased relapse, our findings contribute to the
search for novel and improved treatments for cocaine relapse

and abstinence for instance by targeting the eCB system in a
pharmaco-therapeutic setting.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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