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Abstract: Endocannabinoid signaling and the hypothalamic-pituitary-adrenal axis are activated by
trauma and both stress systems regulate the transition from acute to chronic pain. This study aimed
to develop a model of relationships among circulating concentrations of cortisol and endocannabi-
noids (eCBs) immediately after traumatic injury and the presence of chronic pain months later. Pain
scores and serum concentrations of eCBs and cortisol were measured during hospitalization and
5-10 months later in 147 traumatically injured individuals. Exploratory correlational analyses and
path analysis were completed. The study sample was 50% Black and Latino and primarily male
(69%); 34% percent endorsed a pain score of 4 or greater at follow-up and were considered to have
chronic pain. Path analysis was used to model relationships among eCB, 2-arachidonolyglycerol
(2-AG), cortisol, and pain, adjusting for sex and injury severity (ISS). Serum 2-AG concentrations at
the time of injury were associated with chronic pain in 3 ways: a highly significant, independent
positive predictor; a mediator of the effect of ISS, and through a positive relationship with cortisol
concentrations. These data indicate that 2-AG concentrations at the time of an injury are positively as-
sociated with chronic pain and suggest excessive activation of endocannabinoid signaling contributes
to risk for chronic pain.

Keywords: N-arachidonoylethanolamine; cortisol; chronic pain; injury

1. Introduction

Acute pain is inevitable and important following injury as it protects the individual
against further tissue damage. However, pain that persists after tissue injury has healed,
so-called “chronic pain,” is not protective and has a significant, negative effect on the
quality of life [1]. Chronic pain is defined as pain persisting after surgery or trauma for
greater than three months [2]. Previous studies from our group and others have found
that the incidence of chronic pain in traumatically injured patients can be as high as 70%
and there is a strong correlation between pain severity and life interference [3-5]. Unlike
acute pain, chronic pain is not primarily related to tissue injury [6] and traditional therapies
for pain, including opioids, have poor efficacy in their treatment [7,8]. Not all injured
individuals develop chronic pain, and few reliable or clinically significant biomarkers have
been identified that predict the progression of acute to chronic pain in the traumatically
injured population. Thus, this research could contribute to an improvement in our ability to
predict who will develop chronic pain through the validation of biomarkers. A secondary
long-term goal of this research project is to better understand the biological factors that
contribute to the development of chronic pain, which could improve our ability to treat or
prevent this transition.
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Preclinical research suggests a role for the endocannabinoid signaling system (ECSS) in
pain [9,10]. The endogenous ligands for cannabinoid (CB) receptors, called endocannabinoids
(eCBs), are N-arachidonoylethanolamine (AEA or anandamide) and 2-arachidonoylglycerol
(2-AG). Noxious stimuli and tissue injury increase eCB mobilization [11,12] and chronic
pain can up-regulate the expression of CB1 [13] and CB2 [14] receptors. Although preclinical
studies largely support the hypothesis that endogenous activation of CB receptors reduces
acute pain [9,10], eCBs produced by intense nociceptive stimuli render nociceptive neurons
in the spinal cord excitable by non-painful stimuli, suggesting that eCB/CB signaling can
also promote pain sensitization and thus contribute to the development of chronic pain [15].

Multiple studies have examined the relationships between the concentrations of cir-
culating eCBs and related lipids with the presence of chronic pain in humans. Circulat-
ing concentrations of 2-AG are higher compared to pain-free control groups in several
types of chronic pain, including fibromyalgia, irritable bowel syndrome, and neuropathic
pain [16-18]. Similarly, circulating AEA concentrations in individuals with fibromyal-
gia are three times higher than in matched controls [19]. Patients with complex regional
pain syndrome (CRPS), a neuropathic pain syndrome precipitated by extremity injury,
have significantly higher plasma concentrations of AEA than controls [20]. Women with
endometriosis-associated pain, compared to those without endometriosis, exhibited ele-
vated concentrations of both AEA and 2-AG [21]. Thus, while preclinical data indicate that
eCB-mediated signaling reduces pain sensation at multiple sites within the neuronal pain
circuit, the peripheral pool of eCBs is positively associated with chronic pain in humans.
However, the presence of an association is not indicative of a causal relationship; it is
possible that the high circulating eCBs are a physiological response to the stress of the
pain experience.

Human studies also support the role of cortisol in developing chronic pain [22-24]. The
imposition of acute pain (such as the cold pressor test) in healthy individuals elicits cortisol
secretion, which is in accord with pain as a stressor [25]. On the other hand, inappropriate
activation of the hypothalamic-pituitary-adrenal (HPA) axis is associated with the presence
or development of chronic pain [26,27]. In particular, inappropriately low concentrations
of cortisol have been associated with a diagnosis of chronic pain from fibromyalgia and
low back pain [28,29].

Both the HPA axis [30] and the ECSS [31] are activated by exposure to physical and
psychological stress, and these systems have diverging and converging effects on the
stress response. HPA axis activation via actions of cortisol and the ECSS reduce pain and
inflammation. In the brain, there are considerable data that cortisol increases the 2-AG
synthesis and that CB1 receptor activation links brain cortisol to changes in synaptic activity.
On the other hand, ECSS activation in the brain reduces HPA axis activation by stress and
enhances recovery to baseline following stress. Importantly, both the ECSS and HPA axis
are downregulated in situations of chronic stimulation, so excessive activation of either
system can lead to loss of critical homeostatic processes.

This study aimed to develop a model of the relationships between circulating cortisol
and eCBs, and the development of chronic pain after a traumatic injury. Our working
hypothesis is that both the HPA axis and the ECSS are mobilized by the severe stress
that accompanies traumatic injury and both contribute to reduced pain at that time point.
However, we hypothesize that excessive concentrations of both at the time of injury will
increase the risk for chronic pain development. The specific hypotheses for this study
were: (1) circulating concentrations of the eCBs positively correlate with circulating cortisol
concentrations at the time of injury, both reflecting the physical and psychological stress
of the injury; (2) at the time of injury, pain measures negatively correlate with circulating
eCB and cortisol concentrations due to the ability of both mediators to reduce pain; and
(3) circulating eCBs concentrations at the time of hospitalization positively correlate with
measures of pain months after the injury, possibly due to down-regulation of the ECSS.
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2. Materials and Methods
2.1. Participants

The Institutional Review Board (IRB) at the Medical College of Wisconsin approved
all study procedures (PRO00022827, approved on 3 May 2019) and participants were mone-
tarily compensated for their time. Participants in this study were subjects of a prospective,
exploratory, longitudinal cohort study entitled “Study on Trauma and Resilience (STAR)”.
We have previously reported some demographic and clinical data and the relationship
between endocannabinoids and depression [32] and risk for post-traumatic stress disor-
der (PTSD) [33] in the same cohort. Two hundred eighty participants were recruited and
consented at the time of injury in the parent study; 147 completed the follow-up pain
assessments and blood draw and are included in these analyses.

2.2. Study Design

Individuals with any type of traumatic injury who were admitted to the inpatient
trauma service at Froedtert Hospital, a level 1 American College of Surgery verified trauma
center, were eligible for recruitment. Recruitment occurred over a 19-month period by
daily review of the trauma division inpatient census for those who experienced a traumatic
event; were at least 18 years of age, English speaking, and able to provide written informed
consent within seven days of admission. Excluded were those who did not have appropriate
cognitive capacity defined as Glasgow Coma Scale of 13 or less (e.g., moderate or severe
TBI; obtained from chart review) and greater than 30 min of peritraumatic amnesia; were
in police custody, or were having active psychotic or self-harm symptoms. Participants
returned to the campus translational research unit 5-10 months (average 192 days, range
156-286) after their injury for a follow-up visit.

2.3. Measures

After providing informed consent and during hospitalization, study participants
completed a series of questionnaires as a part of the parent study of trauma and resilience.
Participant demographics, injury-related data, and a blood sample were obtained. The
mean time of blood sampling was 1156 h, SD 1.6 h (approximately noon). The pain was
assessed at the time of hospitalization via the numeric pain score (NPS), using a Likert
scale with anchors at 0 (no pain) and 10 (worst pain imaginable) [34]. We utilized the injury
severity score (ISS) as an anatomical measure of the severity of multiple physical traumatic
injuries based upon the worst injury of six body systems [35]. Each system is scored from
1-6 depending on the level of severity and the sum of squares is taken from the three most
injured systems. The highest score is 75 and denotes a non-survivable injury. The ISS for
mild injury is 1-8, moderate injury is 9-15, severe injury is 16-24, and very severe is 25 and
higher. The ISS was measured once at the time of hospitalization.

At the follow-up visit, blood was collected, and questionnaires were administered. The
mean time of blood collection at follow-up was 1217 h, SD = 2.39 h. The Brief Pain Inventory
(BPT) [36] was collected at the follow-up visit. The BPI measures both the intensity of the
pain (sensory dimension) and interference of pain in the patient’s life (reactive dimension),
with higher scores indicating greater pain intensity and interference, respectively [36]. Pain
measures were asked within the context of the patient’s initial traumatic injuries. In our
exploratory analyses, we used NPS of equal to or greater than 4 out of 10 to determine
chronic pain since moderate and severe pain are associated with compromised physical
functioning [37].

2.4. Study Procedures

Whole blood samples were drawn at hospitalization and the follow-up visit using
serum collecting tubes (red-top tubes). After incubation at room temperature for 30-60 min,
serum was harvested by centrifugation. Serum concentrations of the eCBs (2-AG and AEA)
were measured in lipid extracts using isotope dilution and liquid chromatography-mass
spectrometry to quantify daughter ions of AEA and 2-AG as described previously [38]. Con-
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centrations of cortisol were measured in the same serum samples using radioimmunoassay
(Cort-Cote 06B256440; MP Biomedical, San Diego, CA, USA). The sensitivity for cortisol
assay was 57.5 pg/mL and no data lower than the minimum detection level were found.
Based on the manufacturer’s reporting, intra-assay precision varies from 7.3-10.5, and
inter-assay precision varies from 8.6-13.4 for high-to-low cortisol levels.

2.5. Analyses

For descriptive statistics and summary tables, chronic pain (CP) was defined as pain
severity (NPS) of greater than or equal to 4 at the second time point. The continuous
underlying indices of NPS and pain interference were used in other analyses.

Demographic and clinical characteristics were summarized using counts with percent-
ages for categorical variables and mean with standard deviation and range for continuous
variables. These were compared between groups using the chi-squared test and Mann-
Whitney test, respectively. The comparisons of CP between individual injury mechanisms
used Fisher’s exact tests with permutation-based adjustment over the possible mechanisms
to control the overall type I error rate.

Based on initial bivariate exploratory analyses, the biomarkers (2-AG, AEA, cortisol)
were log-transformed to improve the linearity of the relationships and reduce skewness.
Pearson’s correlation coefficient was used to quantify the strength of association between
different biomarkers and between biomarkers and pain indices as continuous variables. The
p-values were adjusted for multiple comparisons using the Benjamini-Hochberg method
that controls the false discovery rate. For these exploratory analyses, FDR < 0.1 was
considered a significant correlation.

A path model was developed to analyze the relationships among the circulating eCB
and cortisol concentrations and pain measures at both time points, adjusting for covariates.
The initial model structure was constructed based on biological plausibility, measurement
timing, and the results of our exploratory correlational data. Specifically, the following
variable groups were considered: sex and injury severity score (ISS); hospital and follow-up
2-AG and cortisol concentrations; self-reported pain score at hospitalization; and pain
severity and interference scores obtained from the BPI at follow-up. In the initial model,
sex and ISS were allowed to influence both hospitalization and follow-up pain measures.
In addition, concentrations of 2-AG and cortisol were assumed to be correlated and could
affect pain and biomarker measures at either time point. No direct effect of pain on 2-AG
or cortisol was included. Hospitalization pain scores were included as a predictor of the
follow-up pain measures. The effects of sex, cortisol, and 2-AG on pain were constrained
to have equal strength at both hospitalization and follow-up, and the correlation between
2-AG and cortisol was also constrained to be the same at both time points. The model
was fitted using the full information maximum likelihood method, which is a maximum-
likelihood-based method that can incorporate missing-at-random observations [39].

The initial model was then simplified to find a more parsimonious description. Paths
with non-significant effects with standardized coefficients under 0.1 in absolute value were
removed, monitoring that goodness of fit indices continue to fall in their acceptable ranges
and prioritizing models with lower Bayesian Information Criterion (BIC). Table 1 shows
the goodness of fit indices of the initial and reduced models, indicating an excellent fit
for both.

All analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA) using the
CALLIS procedure for the path analysis. Unless otherwise noted, a two-sided 5% significance
level was used.
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Table 1. Goodness of fit indices of the initial and reduced models.

Guideline for Acceptable

Goodness-of-Fit Measure Fit Initial Model

Reduced Model

X2/df <3 149/11=13 20.9/23 =091
Standardized root mean square residual (SRMR) <0.080 0.041 0.049
1 1 1 0,
Root mean square error of approximation (RMSEA) with 90% <Q.Q6, 0.05 (0.0-0.11) 0.0 (0.0-0.06)
confidence interval upper limit < 0.08
Compearative fit index (CFI) >0.95 0.98 1.0
Bayesian information criterion (BIC) Lower value implies more 228.6 175.9

parsimonious fit

3. Results
3.1. Demographic Results

Demographic information, pain data, and biospecimens were collected from hospital-
ized participants an average of 2.5 days following injury (range 1-10 days; hospitalization
time point). Pain data and blood samples were also obtained 5-10 months post-injury
(average 192 days; range 156-286; follow-up time point). The demographic and clinical
information related to the injury for the total population of participants are shown in the
second column of Table 2. The sample was predominately male (69.4%) and spanned the
entire adult age range. Forty-five percent of the sample self-identified as Black or African

American and 7.5% as Hispanic or Latino.

Table 2. Demographic and clinical data of the study participants.

p-Value (NCP

Parameter Total Sample NCP (NPS Score < 4) CP (NPS Score > 4) Compared to CP)
N 147 97 50 (34%)
Mean Age (SD, range) 42.5(16.4,18-89) 422 (17.5,18-89) 429 (14.0, 20-74) p>0.1
Sex p>0.1
Female (percent) 45 (30.6) 28 (28.9) 17 (34.0)
Male (percent) 102 (69.4) 69 (71.1) 33 (66.0)
Race/Ethnicity 0.09
Non-Hispanic White 68 (46.3) 52 (53.6) 16 (32.0)
Black or African American 66 (44.9) 37 (38.1) 29 (58.0)
Hispanic or Latino 11 (7.5) 7(7.2) 4 (8.0)
Native American/Alaskan Native 2(1.4) 1(1) 1(2)
Highest Educational Level Completed 0.09
Advanced degree (master’s or higher) 10 (6.8) 10 (10.3) 0(0.0)
College graduate 24 (16.3) 15 (15.5) 9 (18.0)
Graduated high school, some college 52 (35.4) 37 (38.1) 15 (30.0)
High school graduate, no college 36 (24.4) 20 (20.6) 16 (32.0)
Less than high school 25 (17.0) 15 (15.5) 10 (20.0)
In a committed relationship 0.056
No 57 (39.3) 32(33.7) 25 (50.0)
Yes 88 (60.7) 63 (66.3) 25 (50.0)
Time between injury anc.l follow-up 192 days (22,
assessmentCl for chronic pain and blood 156-286) 191 (19, 156-240) 194 (26, 160-286) p>0.1
raw (SD, range)
Injury severity score (ISS; SD, range) 10.1 (5.9, 0-29) 9.1 (5.2,0-24) 12.2 (6.6, 0-29) 0.002
Numerical pain score at hospitalization 5.8 (2.4, 0-10) 5.2 (2.3, 0-10) 6.9 (2.3, 1-10) <0.001

(SD, range)

NCP: no chronic pain and CP: chronic pain subgroups determined at follow-up. Age, time between injury and
follow-up, severity scores (ISS), and acute pain scores were compared between the NCP and CP groups using
Mann-Whitney non-parametric f-tests; other comparisons were made using the Chi-squared test.
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The presence of pain was assessed at the follow-up visit and chronic pain (CP) was de-
fined as an NPS of 4 or greater and was endorsed by 50 individuals (34%). The demographic
and clinical characteristics of the no chronic pain (NCP; NPS < 4) and CP subgroups of the
sample were determined and compared (Table 2). There were no significant differences
between the NCP and CP subgroups with regard to age or sex. There was no difference
in the time that elapsed between the injury and follow-up visit between the NCP and CP
subgroups. The ISS and NPS scores at the time of hospitalization were both significantly
higher in the CP group than in the NCP group. Those not in a committed relationship were
more likely to have chronic pain. One hundred forty-five of the 147 subjects in the study
were treated with opiate analgesics at the time of injury, so the impact of opiates on chronic
pain could not be studied in this cohort. Individuals were asked about cannabis use at
both the time of hospitalization and at the follow-up assessment; there was no difference in
reported use between the NCP and CP subgroups (data not shown).

3.2. Mechanisms of Injury

The mechanisms of traumatic injury were examined in the entire sample and compared
between the NCP and CP subgroups. The three most prevalent mechanisms of injury were
motor vehicle crashes (32%), falls (17%), and gunshot wounds (16%). A significantly greater
proportion of those in the CP than the NCP subgroup was injured by gunshot wounds
(28%, p = 0.023).

3.3. Correlational Analyses of Biomarkers and Pain

Correlational analyses were used to test our initial hypotheses that circulating concen-
trations of the eCBs and cortisol are correlated with acute and chronic pain (Table 2). For
these exploratory analyses, False Discovery Rate (FDR) <0.1 was considered a significant
correlation. At the time of hospitalization, cortisol concentrations were significantly, nega-
tively correlated with acute pain; neither 2-AG nor AEA concentrations were correlated
with acute pain. There was a modest, positive correlation between cortisol and 2-AG
at hospitalization.

At follow-up, none of the biomarkers were correlated with pain measures. How-
ever, a significant, positive relationship between 2-AG and cortisol occurred while the
concentrations of AEA and cortisol were negatively correlated.

To test the predictive value of the biomarkers, correlational analyses were carried out
between biomarker concentrations at the time of hospitalization and indices of chronic pain
5-10 months after injury. 2-AG concentrations at the time of hospitalization were positively
correlated with the degree of pain interference with activities of daily living 5-10 months
after the injury.

3.4. Model Incorporating Biomarkers, Demographics, and Pain Measures

A path model was developed to analyze the relationships among the biomarkers, pain
measures, and covariates (Figure 1). Table 1 shows the goodness of fit indices of the initial
and reduced models, indicating an excellent fit for both.

The strongest relationships identified using this model were: (1) a positive relationship
between serum concentrations of 2-AG at hospitalization and pain severity at follow-up;
and (2) a negative relationship between cortisol and pain severity at both time points.
Both 2-AG and cortisol concentrations at hospitalization were positively correlated with
2-AG concentrations at follow-up, and cortisol concentrations at hospitalization and follow-
up were positively correlated with each other. ISS influenced pain severity at follow-up
directly and indirectly through a relationship with 2-AG concentrations at hospitalization.
The female sex exerted a significant, positive effect on pain severity at both time points,
independent of other factors in the model. Cortisol at hospitalization affected cortisol at
follow-up, and pain severity affected interference with activities of daily living at follow-up.
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Figure 1. Model of the Relationship of Traumatic Pain, Cortisol, and Endocannabinoid Levels. The
numbers on the arrows are regression coefficients, representing the effect of a 1-unit increase in the
predictor on the outcome. For the log-transformed biomarkers, a 1 unit increase on the log scale
corresponds to a 10-fold increase in the original value. All coefficients shown are significant with
p <0.05.

4. Discussion

While pain after injury is an expected outcome, continued, unresolved pain is a
troubling consequence of traumatic injury. This study explored relationships among
biomarkers of stress and pain severity measured at two-time points (hospitalization and
five to ten months post-injury) in a sample of 147 traumatically injured subjects to explore
biological relationships underlying the transition from acute to chronic pain. Biomarkers,
clinical measures, and pain scores were determined within days of the traumatic injury and
again five to ten months later-a time period when physical injuries are healed. Moderate
to severe chronic pain was present in 34% of subjects 5-10 months after injury, which is
a lower percentage than found in a previous study of an injured patient population in
a community-based sample [3]. In that study, which was carried out four months after
the injury, 43% of patients had moderate to severe pain, 50% had moderate to severe life
interference associated with the development of chronic pain, and 50% continued to use
opioids to treat their chronic pain four months after a traumatic injury [3].

In the current study, those without a committed relationship were significantly more
likely to have chronic pain. This is aligned with the results of a recently published large
study (>900 participants) which found that those with limited social support were signifi-
cantly more likely to exhibit chronic pain, functional limitations, and poor mental health
outcomes following moderate-severe traumatic injury [40].

In our study, those injured due to a gunshot wound were more likely to develop
chronic pain. Given that civilian gunshot injuries are associated with interpersonal violence,
these data support the role of distress as a risk factor for developing chronic pain [41].

As has been reported previously [42], the path analysis demonstrated a significant,
positive effect of the female sex on both acute and chronic pain. Likely because our sample
was only about one-third women, this difference did not reach significance in univariate
analyses, but it did go in the same direction as the path analysis. This difference was
most likely because the path analysis had more power with pain scores as a continuous
variable and the path model explained some of the variability in the pain scores reducing
the unexplained variability and making it easier to detect other effects.

Numerical pain scores at the time of injury were positively associated with the severity
of chronic pain. This is in accord with the well-accepted notion that acute pain causes



Biomedicines 2022, 10, 1599

8of 12

changes in the sensory pathway and pain-related brain circuits resulting in sensitization and
chronic pain [43]. Both univariate and path analyses also identified a significant positive
correlation between the severity of the physical injury (measured using the ISS) and acute
pain at the time of injury and path analysis revealed a moderate but significant positive
association between ISS and chronic pain. This result differed from findings in a previous
study by our group that did not find ISS to correlate with the development of chronic
pain [44], which suggests that ISS has a weak influence on chronic pain. Interestingly, the
path model did not identify a significant association between ISS and acute pain, suggesting
that ISS contributes to the risk for chronic pain beyond solely an enhancement of acute pain.

Cortisol concentrations were significantly negatively correlated with contemporaneous
pain measures both in the univariate analyses and in the path analysis. For the path
analysis, we made the assumption that the relationship between pain and cortisol would
be independent of sampling time, reasoning that the biological relationship between them
would not be altered by time since injury. A rerun of the model without this assumption
did not appreciably change the relationships between cortisol and pain at either time,
suggesting that this is a valid assumption.

While acute pain tends to increase concentrations of cortisol in healthy individuals,
we found a significant, negative relationship between contemporaneous measures of cir-
culating cortisol and pain both in the days after the traumatic injury and at 5-10 months
follow-up. The expectation of high cortisol during acute pain was not seen in this sample.
There are several possible explanations; the first is the timing of the cortisol measurements,
which were several days on average after the injury. It is possible that cortisol was depleted
at this stage due to the significant stress of the injury itself. Interestingly, previous studies
have found that Blacks and Whites differ in cortisol responses to pain and stress, with
Blacks exhibiting a lower response than Whites [45]. Given that our study population was
enriched in individuals from racial and ethnic minorities, it is possible that the demograph-
ics of our sample contributed to this relationship. On the other hand, hypocortisolism
has been linked to chronic pain disorders, including fibromyalgia, chronic fatigue syn-
drome, chronic pelvic pain, and temporomandibular disorder [46,47]. As suggested by
Hannibal and Bishop, hypocortisolemia can potentiate and prolong chronic pain due to
increased inflammation, which can increase pain and increase the risk for depressed mood,
an additional risk factor for chronic pain [48].

The lack of association between levels of eCBs at hospitalization and acute pain
refutes our hypothesis that pain measures correlate with eCBs at baseline. However, the
positive correlation between cortisol and 2-AG at the time of hospitalization supports our
hypothesis and is in accord with preclinical data demonstrating that glucocorticoid receptor
(GR) activation increases 2-AG synthesis in the brain [49] and periphery [50], although
the possibility that cortisol and 2-AG are elevated independently cannot be ruled out. In
this regard, ISS and 2-AG were positively associated, suggesting that the severity of the
traumatic injury may contribute to 2-AG concentrations independently from cortisol.

Our primary goal in this study was to test the predictive value of the biomarkers
measured at the time of injury for the development of chronic pain. Bivariate analyses
indicated that 2-AG concentrations at the time of hospitalization were positively associated
with the degree of pain interference with activities of daily living measured using the Brief
Pain Inventory at follow-up. The path analysis also identified a significant and positive
association between circulating 2-AG concentrations at the time of injury and pain severity
at the follow-up visit and a nearly one-to-one correspondence between pain severity and
pain interference. These data support our hypothesis that circulating concentrations of
2-AG have value as a biomarker for the risk of developing chronic pain.

On the other hand, neither analysis demonstrated significant associations between
measures of pain severity or interference at follow-up and circulating concentrations of
2-AG measured at the same time. This finding contrasts with studies in which circulating 2-
AG was found to be higher compared to pain-free control groups in individuals with several
types of chronic pain, including fibromyalgia, irritable bowel syndrome, and neuropathic
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pain [17,18,51]. Differences in the duration and type of chronic pain could underlie the
difference in findings.

It is yet unknown if elevated 2-AG concentrations during the time of injury per se
are mechanistically involved in the severity of pain months later. Given the preclinical
data that CBIR activation is associated with reduced pain in many models and that highly
elevated 2-AG concentrations result in reduced CBIR density [52], it is possible that CB1R
signaling is down-regulated by the high 2-AG concentrations that occur following injury.
This could result in increased pain perception at the time of injury, a known risk factor for
the development of persistent pain [53]. Our finding of a significant relationship between
pain severity at hospitalization and follow-up supports this notion, as do the extremely
high concentrations of 2-AG during the peritraumatic period. However, pain severity was
not related to circulating 2-AG concentrations at hospitalization, which would be expected
if this were the mechanism. An alternative hypothesis, based upon the findings that chronic
pain is accompanied by widespread changes in brain circuits [43] and 2-AG/CBI1 signaling
affects synaptic activity throughout the brain [54], is that excessive 2-AG-mediated signaling
at the time of injury contributes to lasting changes in circuits that subserve chronic pain.
Further studies are needed to explore these and other possible mechanisms.

There were no interactions between circulating concentrations of the second endo-
cannabinoid, AEA, and the other measures in this study. While 2-AG and AEA are both
endogenous ligands of the cannabinoid receptors, there are differences in the triggers
for their mobilization and their reported associations with psychological indicators in
humans [55]. Previous studies in humans have found that AEA concentrations are more
likely to be associated with anxiety while 2-AG is more likely to be associated with depres-
sion [56,57]. Interestingly, 2-AG concentrations at hospitalization were also associated with
increased risk for depression at follow-up [32], while AEA concentrations at hospitalization
were associated with risk for the development of chronic PTSD [33] in the participants of
this study.

This study was not without limitations. First, we measured the endocannabinoids
at only two time points (hospitalization and at least 5 months later), which provided
partial longitudinal data over a period of time when the participants were recovering
from their injury and were undergoing important changes in symptoms. However, we
do not know the trajectory, and importantly, we do not know when the elevated 2-AG
concentrations returned to normal values. Our hypothesis that excessive elevation of eCB
signaling suggests that individuals with a prolonged increase in 2-AG would be at greater
risk for chronic pain. Measuring the eCBs over multiple time points would allow us to
test this hypothesis. In addition, the follow-up visits occurred over a broad range of times
(5.2 months to nearly 10 months), which could add significant variability to the results. The
blood collection times were dictated by the situation of the participant, which resulted in a
fairly wide range of elapsed time since injury and did not differ between the NCP and CP
groups. Similarly, the time of day for the blood collections was not controlled for, which is a
limitation because of the circulating concentrations of both cortisol and 2-AG exhibit strong
circadian rhythms [58]. Moreover, the literature has noted that the microbiota can affect the
ECSS [59-61]. However, this was not evaluated within our study. Finally, we did not screen
participants for pre-existing chronic pain, which could be a possible confound for assessing
chronic pain associated with the current traumatic injury. However, the participants were
asked at the follow-up to evaluate the severity of their pain related to the injury a few
months earlier.

5. Conclusions

In conclusion, the results of this preliminary study suggest that both 2-AG and cortisol
concentrations are associated with the risk for development of chronic pain following
injury and add the endocannabinoid system to the list of stress-responsive systems that are
associated with long-term consequences of an injury. We have previously published that
2-AG concentrations at the time of injury are also positively associated with risk for the
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development of major depression 6-9 months later [32]. Together, these studies indicate
that 2-AG concentrations, which are roughly six times higher following trauma than under
normal conditions, could serve as a general biomarker for risk for negative psychological
states following traumatic injury. Future studies will probe the more interesting possibility
that strong engagement of endocannabinoid signaling in the periphery and brain occurs in
the aftermath of significant physiological stress and while this response may be beneficial
at the time of injury, it could result in long-term negative effects in certain individuals.

Author Contributions: All four authors; CM.T., C.J.H., A.S. and T.A.d.-C. contributed to all aspects of
conceptualization, methodology, validation, and formal analysis, writing—original draft preparation,
review and editing, and T.A.d.-C. and C.J.LH. completed funding acquisition. All authors have read
and agreed to the published version of the manuscript.

Funding: Funding for this study was provided by a grant from the National Institute on Mental
Health (5R21MH102838 TA deRoon-Cassini and CJ Hillard, MPI).

Institutional Review Board: The study was conducted in accordance with the Declaration of Helsinki
and approved by the Institutional Review Board of Medical College of Wisconsin IRB# PRO00022827
approved on 3 May 2019 for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: Cecilia Hillard is a member of the Scientific Advisory Boards of Phytecs, Inc.
and Formulate Biosciences; and has equity in Formulate Biosciences.

References

1.  Hadi, M.A,; McHugh, G.A ; Closs, S.J. Impact of Chronic Pain on Patients” Quality of Life: A Comparative Mixed-Methods Study.
J. Patient Exp. 2019, 6, 133-141. [CrossRef] [PubMed]

2. Treede, R.-D.; Rief, W.; Barke, A.; Aziz, Q.; Bennett, M.I,; Benoliel, R.; Cohen, M.; Evers, S.; Finnerup, N.B.; First, M.B.; etal. A
classification of chronic pain for ICD-11. Pain 2015, 156, 1003-1007. [CrossRef] [PubMed]

3.  Trevino, C.M,; Essig, B.; deRoon-Cassini, T.A.; Brasel, K. Chronic pain at 4 months in hospitalized trauma patients: Incidence and
life interference. J. Trauma Nurs. 2012, 19, 154-159. [CrossRef] [PubMed]

4. Kolstadbraaten, K.M.; Spreng, U.].; Wisloeff-Aase, K.; Gaarder, C.; Naess, P.A.; Raeder, J. Incidence of chronic pain 6 y after major
trauma. Acta Anaesthesiol. Scand. 2019, 63, 1074-1078. [CrossRef] [PubMed]

5. Rivara, EP.; MacKenzie, E.J.; Jurkovich, G.J.; Nathens, A.B.; Wang, J.; Scharfstein, D.O. Prevalence of Pain in Patients 1 Year After
Major Trauma. Arch. Surg. 2008, 143, 282-287. [CrossRef]

6.  Cohen, S.P; Vase, L.; Hooten, WM. Chronic pain: An update on burden, best practices, and new advances. Lancet 2021, 397,
2082-2097. [CrossRef]

7.  Ballantyne, J.C.; Shin, N.S. Efficacy of opioids for chronic pain: A review of the evidence. Clin. J. Pain 2008, 24, 469-478. [CrossRef]

8. Rosenblum, A.; Marsch, L.A.; Joseph, H.; Portenoy, R.K. Opioids and the treatment of chronic pain: Controversies, current status,
and future directions. Exp. Clin. Psychopharmacol. 2008, 16, 405-416. [CrossRef]

9.  Piomelli, D.; Sasso, O. Peripheral gating of pain signals by endogenous lipid mediators. Nat. Neurosci. 2014, 17, 164-174. [CrossRef]

10. Woodhams, S.G.; Chapman, V.; Finn, D.P.; Hohmann, A.G.; Neugebauer, V. The cannabinoid system and pain. Neuropharmacology
2017, 124, 105-120. [CrossRef]

11.  Walker, ].M.; Huang, S.M.; Strangman, N.M.; Tsou, K.; Safudo-Pefia, M.C. Pain modulation by release of the endogenous
cannabinoid anandamide. Proc. Natl. Acad. Sci. USA 1999, 96, 12198-12203. [CrossRef] [PubMed]

12.  Arevalo-Martin, A.; Garcia-Ovejero, D.; Sierra-Palomares, Y.; Paniagua-Torija, B.; Gonzalez-Gil, I.; Ortega-Gutiérrez, S.; Molina-
Holgado, E. Early Endogenous Activation of CB1 and CB2 Receptors after Spinal Cord Injury Is a Protective Response Involved
in Spontaneous Recovery. PLoS ONE 2012, 7, 49057. [CrossRef] [PubMed]

13. Siegling, A.; Hofmann, H.A.; Denzer, D.; Mauler, E; De Vry, ]. Cannabinoid CB1 receptor upregulation in a rat model of chronic
neuropathic pain. Eur. J. Pharmacol. 2001, 415, R5-R7. [CrossRef]

14.  Zhang, ]J.; Hoffert, C.; Vu, H.K,; Groblewski, T.; Ahmad, S.; O’'Donnell, D. Induction of CB2 receptor expression in the rat spinal
cord of neuropathic but not inflammatory chronic pain models. Eur. J. Neurosci. 2003, 17, 2750-2754. [CrossRef] [PubMed]

15. PernA a-Andrade, AJ.; Kato, A.; Witschi, R.; Nyilas, R.; Katona, I.; Freund, T.F; Watanabe, M.; Filitz, J.; Koppert, W.;
Schiittler, J.; et al. Spinal endocannabinoids and CB1 receptors mediate C-fiber-induced heterosynaptic pain sensitization. Science
2009, 325, 760-764. [CrossRef]

16. Stensson, N.; Ghafouri, N.; Ernberg, M.; Mannerkorpi, K.; Kosek, E.; Gerdle, B.; Ghafouri, B. The Relationship of Endocannabi-

noidome Lipid Mediators with Pain and Psychological Stress in Women with Fibromyalgia: A Case-Control Study. J. Pain 2018,
19, 1318-1328. [CrossRef]


http://doi.org/10.1177/2374373518786013
http://www.ncbi.nlm.nih.gov/pubmed/31218259
http://doi.org/10.1097/j.pain.0000000000000160
http://www.ncbi.nlm.nih.gov/pubmed/25844555
http://doi.org/10.1097/JTN.0b013e318261d304
http://www.ncbi.nlm.nih.gov/pubmed/22955711
http://doi.org/10.1111/aas.13380
http://www.ncbi.nlm.nih.gov/pubmed/31012096
http://doi.org/10.1001/archsurg.2007.61
http://doi.org/10.1016/S0140-6736(21)00393-7
http://doi.org/10.1097/AJP.0b013e31816b2f26
http://doi.org/10.1037/a0013628
http://doi.org/10.1038/nn.3612
http://doi.org/10.1016/j.neuropharm.2017.06.015
http://doi.org/10.1073/pnas.96.21.12198
http://www.ncbi.nlm.nih.gov/pubmed/10518599
http://doi.org/10.1371/journal.pone.0049057
http://www.ncbi.nlm.nih.gov/pubmed/23152849
http://doi.org/10.1016/S0014-2999(01)00798-1
http://doi.org/10.1046/j.1460-9568.2003.02704.x
http://www.ncbi.nlm.nih.gov/pubmed/12823482
http://doi.org/10.1126/science.1171870
http://doi.org/10.1016/j.jpain.2018.05.008

Biomedicines 2022, 10, 1599 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fichna, J.; Wood, ].T.; Papanastasiou, M.; Vadivel, S.K.; Oprocha, P.; Sataga, M.; Sobczak, M.; Mokrowiecka, A.; Cygankiewicz, A.L;
Zakrzewski, PK,; et al. Endocannabinoid and Cannabinoid-like Fatty Acid Amide Levels Correlate with Pain-Related Symptoms
in Patients with IBS-D and IBS-C: A Pilot Study. PLoS ONE 2013, 8, e85073. [CrossRef]

Pellkofer, H.L.; Havla, ].; Hauer, D.; Schelling, G.; Azad, S.C.; Kuempfel, T.; Magerl, W.; Huge, V. The Major Brain Endocannabinoid 2-AG
Controls Neuropathic Pain and Mechanical Hyperalgesia in Patients with Neuromyelitis Optica. PLoS ONE 2013, 8, 71500. [CrossRef]
Kaufmann, I.; Schelling, G.; Eisner, C.; Richter, H.P.; Krauseneck, T.; Vogeser, M.; Hauer, D.; Campolongo, P.; Chouker, A.;
Beyer, A,; et al. Anandamide and neutrophil function in patients with fibromyalgia. Psychoneuroendocrinology 2008, 33,
676—685. [CrossRef]

Kaufmann, I.; Hauer, D.; Huge, V.; Vogeser, M.; Campolongo, P.; Chouker, A.; Thiel, M.; Schelling, G. Enhanced Anandamide
Plasma Levels in Patients with Complex Regional Pain Syndrome following Traumatic Injury: A Preliminary Report. Eur. Surg.
Res. 2009, 43, 325-329. [CrossRef]

Sanchez, A.M.; Cioffi, R.; Vigano, P.; Candiani, M.; Verde, R.; Piscitelli, F.; Di Marzo, V.; Garavaglia, E.; Panina-Bordignon, P.
Elevated Systemic Levels of Endocannabinoids and Related Mediators Across the Menstrual Cycle in Women with Endometriosis.
Reprod. Sci. 2016, 23, 1071-1079. [CrossRef] [PubMed]

Ehlert, U.; Gaab, ]J.; Heinrichs, M. Psychoneuroendocrinological contributions to the etiology of depression, posttraumatic stress disorder,
and stress-related bodily disorders: The role of the hypothalamus—pituitary—-adrenal axis. Biol. Psychol. 2001, 57, 141-152. [CrossRef]
Tsigos, C.; Chrousos, G.P. Hypothalamic-pituitary—adrenal axis, neuroendocrine factors and stress. J. Psychosom. Res. 2002, 53,
865-871. [CrossRef]

Fries, E.; Hesse, J.; Hellhammer, J.; Hellhammer, D.H. A new view on hypocortisolism. Psychoneuroendocrinology 2005, 30,
1010-1016. [CrossRef]

Bali, A.; Jaggi, A.S. Clinical experimental stress studies: Methods and assessment. Rev. Neurosci. 2015, 26, 555-579. [CrossRef]
McBeth, J.; Silman, A.J.; Gupta, A.; Chiu, Y.H.; Ray, D.; Morriss, R.; Dickens, C.; King, Y.; Macfarlane, G. Moderation of
psychosocial risk factors through dysfunction of the hypothalamic—pituitary—adrenal stress axis in the onset of chronic
widespread musculoskeletal pain: Findings of a population-based prospective cohort study. Arthritis Care Res. 2007, 56,
360-371. [CrossRef] [PubMed]

Paananen, M.; O’Sullivan, P.; Straker, L.; Beales, D.; Coenen, P; Karppinen, J.; Pennell, C.; Smith, A. A low cortisol response to
stress is associated with musculoskeletal pain combined with increased pain sensitivity in young adults: A longitudinal cohort
study. Arthritis Res. Ther. 2015, 17, 355. [CrossRef]

Riva, R.; Mork, PJ.; Westgaard, R.H.; Lundberg, U. Comparison of the cortisol awakening response in women with shoulder and
neck pain and women with fibromyalgia. Psychoneuroendocrinology 2012, 37, 299-306. [CrossRef]

Mubhtz, C.; Rodriguez-Raecke, R.; Hinkelmann, K.; Moeller-Bertram, T.; Kiefer, F.; Wiedemann, K.; May, A.; Otte, C. Cortisol
Response to Experimental Pain in Patients with Chronic Low Back Pain and Patients with Major Depression. Pain Med. 2013, 14,
498-503. [CrossRef]

McEwen, B.S; Stellar, E. Stress and the individual. Mechanisms leading to disease. Arch. Intern. Med. 1993, 153, 2093-2101. [CrossRef]
Hillard, C.J.; Beatka, M.; Sarvaideo, J. Endocannabinoid signaling and the hypothalamic-pituitary-adrenal axis. Compr. Physiol.
2016, 7, 1. [PubMed]

Fitzgerald, ]. M.; Chesney, S.A.; Lee, T.S.; Brasel, K.; Larson, C.L.; Hillard, C.J.; Deroon-Cassini, T.A. Circulating endocannabinoids
and prospective risk for depression in trauma-injury survivors. Neurobiol. Stress 2021, 14, 100304. [CrossRef] [PubMed]
Deroon-Cassini, T.A.; Bergner, C.L.; Chesney, S.A.; Schumann, N.R.; Lee, T.S.; Brasel, K.J.; Hillard, C.J. Circulating endo-
cannabinoids and genetic polymorphisms as predictors of posttraumatic stress disorder symptom severity: Heterogeneity in a
community-based cohort. Transl. Psychiatry 2022, 12, 48. [CrossRef] [PubMed]

Dworkin, RH.; Turk, D.C; Farrar, ].T., Haythornthwaite, J.A.; Jensen, M.P; Katz, N.P; Kerns, R.D.; Stucki, G.; Allen, RR;
Bellamy, N.; et al. Core outcome measures for chronic pain clinical trials: IMMPACT recommendations. Pain 2005, 113, 9-19. [CrossRef]
Baker, S.P.; O’Neill, B.; Haddon, W, Jr.; Long, W.B. The injury severity score: A method for describing patients with multiple
injuries and evaluating emergency care. J. Trauma Acute Care 1974, 14, 187-196. [CrossRef]

Cleeland, C.S.; Ryan, K.M. Pain assessment: Global use of the Brief Pain Inventory. Ann. Acad. Med. Singap. 1994, 23, 129-138.
Boonstra, A.M.; Stewart, R.E.; Koke, A.J.A.; Oosterwijk, R.FA.; Swaan, J.L.; Schreurs, KM.G.; Preuper, H.R.S. Cut-Off Points for
Mild, Moderate, and Severe Pain on the Numeric Rating Scale for Pain in Patients with Chronic Musculoskeletal Pain: Variability
and Influence of Sex and Catastrophizing. Front. Psychol. 2016, 7, 1466. [CrossRef]

Crombie, K.; Brellenthin, A.G.; Hillard, C.J.; Koltyn, K.F. Psychobiological Responses to Aerobic Exercise in Individuals with
Posttraumatic Stress Disorder. J. Trauma Stress 2018, 31, 134-145. [CrossRef]

Yung, Y.F; Zhang, W. Making Use of Incomplete Observations in the Analysis of Structural Equation Models: The CALIS
Procedure’s Full Information Maximum Likelihood Method in SAS/STAT 9.3. In Proceedings of the SAS Global Forum 2011
Conference; SAS Institute Inc.: Cary, NC, USA, 2011. Available online: http://support.sas.com/resources/papers/proceedings11/
333-2011.pdf (accessed on 1 January 2019).

Orlas, C.P,; Herrera-Escobar, J.P.; Hau, K.M.; Velmahos, A.; Patel, N.; Sanchez, S.; Kaafarani, H.M.; Salim, A.; Nehra, D. Perceived
social support is strongly associated with recovery after injury. J. Trauma Acute Care Surg. 2021, 91, 552-558. [CrossRef]

Mills, S.E.; Nicolson, K.P.; Smith, B.H. Chronic pain: A review of its epidemiology and associated factors in population-based
studies. Br. ]. Anaesth. 2019, 123, e273-e283. [CrossRef]


http://doi.org/10.1371/journal.pone.0085073
http://doi.org/10.1371/journal.pone.0071500
http://doi.org/10.1016/j.psyneuen.2008.02.009
http://doi.org/10.1159/000235870
http://doi.org/10.1177/1933719116630414
http://www.ncbi.nlm.nih.gov/pubmed/26887427
http://doi.org/10.1016/S0301-0511(01)00092-8
http://doi.org/10.1016/S0022-3999(02)00429-4
http://doi.org/10.1016/j.psyneuen.2005.04.006
http://doi.org/10.1515/revneuro-2015-0004
http://doi.org/10.1002/art.22336
http://www.ncbi.nlm.nih.gov/pubmed/17195240
http://doi.org/10.1186/s13075-015-0875-z
http://doi.org/10.1016/j.psyneuen.2011.06.014
http://doi.org/10.1111/j.1526-4637.2012.01514.x
http://doi.org/10.1001/archinte.1993.00410180039004
http://www.ncbi.nlm.nih.gov/pubmed/28134998
http://doi.org/10.1016/j.ynstr.2021.100304
http://www.ncbi.nlm.nih.gov/pubmed/33614866
http://doi.org/10.1038/s41398-022-01808-1
http://www.ncbi.nlm.nih.gov/pubmed/35105857
http://doi.org/10.1016/j.pain.2004.09.012
http://doi.org/10.1097/00005373-197403000-00001
http://doi.org/10.3389/fpsyg.2016.01466
http://doi.org/10.1002/jts.22253
http://support.sas.com/resources/papers/proceedings11/333-2011.pdf
http://support.sas.com/resources/papers/proceedings11/333-2011.pdf
http://doi.org/10.1097/TA.0000000000003230
http://doi.org/10.1016/j.bja.2019.03.023

Biomedicines 2022, 10, 1599 12 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

Mogil, J.S. Qualitative sex differences in pain processing: Emerging evidence of a biased literature. Nat. Rev. Neurosci. 2020, 21,
353-365. [CrossRef] [PubMed]

Kuner, R.; Kuner, T. Cellular Circuits in the Brain and Their Modulation in Acute and Chronic Pain. Physiol. Rev. 2021, 101,
213-258. [CrossRef] [PubMed]

Trevino, C.M.; deRoon-Cassini, T.A.; Brasel, K. Does opiate use in traumatically injured individuals worsen pain and psychological
outcomes? J. Pain 2013, 14, 424-430. [CrossRef] [PubMed]

Herbert, M.S.; Goodin, B.R.; Bulls, H.; Sotolongo, A.; Petrov, M.; Edberg, ].C.; Bradley, L.A.; Fillingim, R. Ethnicity, Cortisol, and
Experimental Pain Responses Among Persons with Symptomatic Knee Osteoarthritis. Clin. J. Pain 2017, 33, 820-826. [CrossRef]
Tak, L.M.; Rosmalen, J. Dysfunction of stress responsive systems as a risk factor for functional somatic syndromes. J. Psychosom.
Res. 2010, 68, 461-468. [CrossRef]

Quartana, PJ.; Buenaver, L.F; Edwards, R.R; Klick, B.; Haythornthwaite, J.A.; Smith, M.T. Pain catastrophizing and salivary cortisol
responses to laboratory pain testing in temporoman-dibular disorder and healthy participants. . Pain 2010, 11, 186-194. [CrossRef]
Hannibal, K.E.; Bishop, M. Chronic Stress, Cortisol Dysfunction, and Pain: A Psychoneuroendocrine Rationale for Stress
Management in Pain Rehabilitation. Phys. Ther. 2014, 94, 1816-1825. [CrossRef]

Hill, M.N.; McLaughlin, R.; Pan, B.; Fitzgerald, M.L.; Roberts, C.; Lee, T.T.-Y.; Karatsoreos, I.N.; Mackie, K.; Viau, V,;
Pickel, V.M.; et al. Recruitment of Prefrontal Cortical Endocannabinoid Signaling by Glucocorticoids Contributes to Termination
of the Stress Response. |. Neurosci. 2011, 31, 10506-10515. [CrossRef]

Bowles, N.P.; Karatsoreos, LN.; Li, X.; Vemuri, VK.; Wood, J.-A.; Li, Z.; Tamashiro, K.L.K.; Schwartz, G.J.; Makriyannis, A.M.;
Kunos, G.; et al. A peripheral endocannabinoid mechanism contributes to glucocorticoid-mediated metabolic syndrome. Proc.
Natl. Acad. Sci. USA 2015, 112, 285-290. [CrossRef]

Stensson, N.; Ghafouri, B.; Gerdle, B.; Ghafouri, N. Alterations of anti-inflammatory lipids in plasma from women with chronic
widespread pain—A case control study. Lipids Health Dis. 2017, 16, 112. [CrossRef]

Schlosburg, J.E.; Blankman, J.L.; Long, ]J.Z.; Nomura, D.K.; Pan, B.; Kinsey, S.G.; Nguyen, P.T.; Ramesh, D.; Booker, L.;
Burston, J.J.; et al. Chronic monoacylglycerol lipase blockade causes functional antagonism of the endocannabinoid system.
Nat. Neurosci. 2010, 13, 1113-1119. [CrossRef] [PubMed]

Trevino, C.; Harl, F.; Deroon-Cassini, T.; Brasel, K.; Litwack, K. Predictors of Chronic Pain in Traumatically Injured Hospitalized
Adult Patients. . Trauma Nurs. 2014, 21, 50-56. [CrossRef] [PubMed]

Hillard, C.J. The endocannabinoid signaling system in the CNS: A primer. Int. Rev. Neurobiol. 2015, 125, 1-47. [PubMed]
Deroon-Cassini, T.A.; Stollenwerk, T.M.; Beatka, M.; Hillard, C.J. Meet Your Stress Management Professionals: The Endocannabi-
noids. Trends Mol. Med. 2020, 26, 953-968. [CrossRef]

Hill, M.; Miller, G.; Ho, W.-S.; Gorzalka, B.; Hillard, C. Serum Endocannabinoid Content is Altered in Females with Depressive
Disorders: A Preliminary Report. Pharmacopsychiatry 2008, 41, 48-53. [CrossRef]

Dlugos, A.; Childs, E.; Stuhr, K.L.; Hillard, C.J.; de Wit, H. Acute Stress Increases Circulating Anandamide and Other N-
Acylethanolamines in Healthy Humans. Neuropsychopharmacology 2012, 37, 2416-2427. [CrossRef]

Hanlon, E.C.; Tasali, E.; Leproult, R.; Stuhr, K.L.; Doncheck, E.; De Wit, H.; Hillard, C.J.; Van Cauter, E. Circadian Rhythm of
Circulating Levels of the Endocannabinoid 2-Arachidonoylglycerol. J. Clin. Endocrinol. Metab. 2015, 100, 220-226. [CrossRef]
Freitas, M..; Vasconcelos, A.; Gongalves, E.; Ferrarini, E.; Vieira, G.; Cicia, D.; Cola, M.; Capasso, R.; Dutra, R. Involvement of Opioid
System and TRPM8/TRPA1 Channels in the Antinociceptive Effect of Spirulina platensis. Biomolecules 2021, 11, 592. [CrossRef]

Vieira, G.; Cavalli, J.; Gongalves, E.C.D.; Braga, S.EP,; Ferreira, R.S.; Santos, A.R.S.; Cola, M.; Raposo, N.R.B.; Capasso, R,;
Dutra, R.C. Antidepressant-Like Effect of Terpineol in an Inflammatory Model of Depression: Involvement of the Cannabinoid
System and D2 Dopamine Receptor. Biomolecules 2020, 10, 792. [CrossRef]

Gongalves, E.C.D.; Baldasso, G.M.; Bicca, M.A.; Paes, R.S.; Capasso, R.; Dutra, R.C. Terpenoids, Cannabimimetic Ligands, beyond
the Cannabis Plant. Molecules 2020, 25, 1567. [CrossRef]


http://doi.org/10.1038/s41583-020-0310-6
http://www.ncbi.nlm.nih.gov/pubmed/32440016
http://doi.org/10.1152/physrev.00040.2019
http://www.ncbi.nlm.nih.gov/pubmed/32525759
http://doi.org/10.1016/j.jpain.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23548492
http://doi.org/10.1097/AJP.0000000000000462
http://doi.org/10.1016/j.jpsychores.2009.12.004
http://doi.org/10.1016/j.jpain.2009.07.008
http://doi.org/10.2522/ptj.20130597
http://doi.org/10.1523/JNEUROSCI.0496-11.2011
http://doi.org/10.1073/pnas.1421420112
http://doi.org/10.1186/s12944-017-0505-7
http://doi.org/10.1038/nn.2616
http://www.ncbi.nlm.nih.gov/pubmed/20729846
http://doi.org/10.1097/JTN.0000000000000032
http://www.ncbi.nlm.nih.gov/pubmed/24614292
http://www.ncbi.nlm.nih.gov/pubmed/26638763
http://doi.org/10.1016/j.molmed.2020.07.002
http://doi.org/10.1055/s-2007-993211
http://doi.org/10.1038/npp.2012.100
http://doi.org/10.1210/jc.2014-3455
http://doi.org/10.3390/biom11040592
http://doi.org/10.3390/biom10050792
http://doi.org/10.3390/molecules25071567

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Measures 
	Study Procedures 
	Analyses 

	Results 
	Demographic Results 
	Mechanisms of Injury 
	Correlational Analyses of Biomarkers and Pain 
	Model Incorporating Biomarkers, Demographics, and Pain Measures 

	Discussion 
	Conclusions 
	References

