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Abstract

Objective. Nearly half of Operation Enduring
Freedom/Operation Iraqi Freedom veterans experi-
ence continued pain post-deployment. Several
investigations report analgesic effects of allopreg-
nanolone and other neurosteroids in animal models,
but few data are currently available focusing on neu-
rosteroids in clinical populations. Allopregnanolone

positively modulates GABAA receptors and demon-
strates pronounced analgesic and anxiolytic effects
in rodents, yet studies examining the relationship
between pain and allopregnanolone in humans are
limited. We thus hypothesized that endogenous allo-
pregnanolone and other neurosteroid levels may be
negatively correlated with self-reported pain symp-
toms in humans.

Design. We determined serum neurosteroid levels
by gas chromatography/mass spectrometry (allo-
pregnanolone, pregnenolone) or radioimmunoassay
(dehydroepiandrosterone [DHEA], progesterone,
DHEA sulfate [DHEAS]) in 90 male veterans who
served in the U.S. military after September 11, 2001.
Self-reported pain symptoms were assessed in four
areas (low back pain, chest pain, muscle soreness,
headache). Stepwise linear regression analyses
were conducted to investigate the relationship
between pain assessments and neurosteroids, with
the inclusion of smoking, alcohol use, age, and
history of traumatic brain injury as covariates.

Setting. Durham VA Medical Center.

Results. Allopregnanolone levels were inversely
associated with low back pain (P = 0.044) and chest
pain (P = 0.013), and DHEA levels were inversely
associated with muscle soreness (P = 0.024).
DHEAS levels were positively associated with chest
pain (P = 0.001). Additionally, there was a positive
association between traumatic brain injury and
muscle soreness (P = 0.002).

Conclusions. Neurosteroids may be relevant to the
pathophysiology of self-reported pain symptoms in
this veteran cohort, and could represent future phar-
macological targets for pain disorders.

Key Words. Neuroactive Steroid; Allopreg-
nanolone; Pregnenolone; DHEA; Nociception; Pain;
Neurosteroid

Introduction

More than 1.64 million military personnel have served
during Operation Enduring Freedom/Operation Iraqi
Freedom (OEF/OIF) to date [1]. OEF/OIF deployments can
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involve high levels of combat stress, and many soldiers
serve multiple tours of duty [1–4]; greater than one fourth
of these returning veterans receive mental health or psy-
chosocial diagnoses [1,5]. An even greater proportion
(nearly half) of these returning veterans report persistent
pain [6], and chronic widespread pain is a frequent occur-
rence in otherwise healthy OEF/OIF veterans [7]. As a
higher percentage of wounded military personnel fortu-
nately now survive than ever before [2,3], reduction and
alleviation of pain in this cohort is an acute need. The
amelioration of persistent pain symptoms via supplemen-
tation or modulation of endogenous compounds with
analgesic actions may represent a promising treatment
strategy, and neurosteroids represent potential candidates
for this indication.

The neurosteroid allopregnanolone, a metabolite of
progesterone, positively modulates inhibitory
g-aminobutyric acid type A (GABAA) receptors [8,9]. Other
neurosteroids, including the sulfated metabolites of preg-
nenolone and dehydroepiandrosterone (DHEA), exhibit
the opposite profile of GABAA receptor action [10–14].
Extensive data demonstrate that various neurosteroids
with positive GABAA receptor-modulating activities exert
anxiolytic [15–18], anticonvulsant [19–23], and anti-
aggression effects [24,25], but additional evidence indi-
cates roles for neurosteroids in analgesia as well [26–31].
Given that GABAA receptors are integral to nociceptive
processing [32–34], neurosteroids may play a significant
role in the pathophysiology of pain.

The predominance of studies demonstrating analgesic
neurosteroid effects reports the importance of allopreg-
nanolone in preclinical pain models. Allopregnanolone
increases response latencies to thermal stimuli in both rats
[26] and invertebrates [30], increases response latencies to
tailflick in rats [28], and protects against noxious mechani-
cal visceral stimuli in rats [27]. Allopregnanolone also may
be responsible for the analgesic effects of its precursor
progesterone, as multiple reports indicate that allopreg-
nanolone is the active metabolite responsible for the anes-
thetic actions of progesterone [29,35]. It is presently
unclear whether other neurosteroids modulate analgesic
responses in rodents, as examination of DHEA sulfate
(DHEAS) reveals lack of analgesic effect [28], and studies
examining pregnenolone sulfate differ, demonstrating both
attenuation of capsaicin-induced nociception [36,37] and
failure to increase tailflick response latency in rats [28].

Compared with the number of studies investigating neu-
rosteroids and pain in animal models, few studies in
humans have been performed. Additionally, study findings
to date have not been in complete agreement. For
example, while endogenous DHEAS levels are no different
between men with chronic osteoarthritis pain and pain-
free controls [38], endogenous DHEAS levels inversely
correlate with musculoskeletal pain in women during
menopause transition [39]. Further, supplementation with
DHEA does not improve pain in post-menopausal women
with fibromyalgia [40], but it does improve joint pain in
aging men with partial androgen deficiency [41]. The

single investigation examining the relationship between
allopregnanolone and pain in humans suggests that
elevated endogenous allopregnanolone levels are associ-
ated with decreased pain tolerance in non-Hispanic white
individuals but not in African Americans [42]. Thus, addi-
tional clinical studies are needed to clarify the role of
neurosteroids in human nociception.

This study therefore examined possible neurosteroid
associations with self-reported pain measures as
assessed by four questions of the Symptom Checklist-
90-R (SCL-90-R; [43]) instrument in males who served in
the military after September 11, 2001. The neurosteroids
measured were allopregnanolone, pregnenolone, proges-
terone, DHEA, and DHEAS, and the four SCL-90-R items
evaluated low back pain, chest pain, muscle soreness,
and headache. Based on the prior animal literature and
multiple reports in humans that synthetic steroid anesthet-
ics structurally similar to allopregnanolone produce anal-
gesic effects [44–47], we hypothesized that endogenous
serum allopregnanolone levels would be negatively asso-
ciated with self-reported pain.

Methods

Study Population

All participants provided written informed consent, and
the protocol was approved by the local institutional
review board. The first 90 male subjects recruited into
the VA Mid-Atlantic MIRECC Registry having a blood
draw between 10:30 AM and 2:30 PM were included in
this investigation. These 90 male subjects were enrolled
between June 2005 and April 2006 at the Durham VA
site. All participants in this Registry served in the U.S.
military after September 11, 2001. Of the 82 veterans in
this cohort with no missing data, 40 had served in the
Army, 7 in the Navy, 12 in the Marines, 4 in the Air
Force, 12 in the National Guard, 4 in the Reserves, 1 in
both the Army and Marines, 1 in both the Air Force and
the Marines, and 1 in both the National Guard and the
Reserves. Of the 65 veterans who had served in the
Army, Navy, Marines, or Air Force, approximately half
(N = 33) had also served in the National Guard and/or
Reserves. At least 79 of the 82 veterans in this cohort
served in a warzone (information not available for three
veterans), with 36 of those 79 being combat veterans,
33 serving in combat support roles, and 10 providing
warzone service support. Two veterans were receiving
opioids (oxycodone/acetaminophen) for pain at the time
of the evaluation, five were receiving nonsteroidal anti-
inflammatory agents, one was taking acetaminophen,
and one was taking aspirin.

Self-reported Pain Measures and SCL-90-R

Subjects completed the SCL-90-R, which asked
them to rate severity of symptoms over the past 7 days
and included four items assessing pain: low back pain,
chest pain, muscle soreness, and headache [43,48].
Each pain condition was rated with five possible
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response options: none at all (level 0), a little (level 1),
moderate pain (level 2), quite a bit (level 3), and extreme
(level 4).

Neurosteroid Analyses

Pregnenolone and allopregnanolone levels in serum were
determined by a highly sensitive and specific gas
chromatography/mass spectrometry method in the nega-
tive ion chemical ionization mode, as previously described
[49,50]. One mL of serum was extracted three times in
ethyl acetate prior to high-performance liquid chromatog-
raphy purification utilizing tetrahydrofuran, ethanol, and
hexane in the mobile phase. A subset of samples (30%)
was injected in duplicate. The mean coefficients of varia-
tion for pregnenolone and allopregnanolone in this subset
were 1.9% and 6.8%, respectively. The limit of detection
with this method was 2 picograms for both pregnenolone
and allopregnanolone. Other serum steroid levels were
determined utilizing commercially available radioimmu-
noassay (RIA) kits according to manufacturer directions
(progesterone and DHEAS: Diagnostic System Laborato-
ries, Webster, TX). DHEA serum levels were determined
utilizing a kit from ICN Pharmaceuticals (Costa Mesa, CA).

Stepwise Linear Regression Analysis

In this exploratory investigation, four stepwise linear
regression analyses utilizing SAS software (SAS Version
9.1, Cary, NC) were performed examining possible rela-
tionships between neurosteroid levels (predictor variables)
and pain ratings (response variables) (i.e., ratings of low
back pain, chest pain, muscle soreness, and headache
reported on the SCL-90-R). Several factors that potentially
affect both neurosteroid levels and psychiatric symptoms
(age, smoking status, alcohol use, and history of traumatic
brain injury (TBI; defined as a past TBI with loss of con-
sciousness by self-report; modified from Ivins et al. and
Kay et al. [51,52]) were included as covariates in the
regression analyses. SAS default mode P < 0.15 was
used for terms entering or leaving the stepwise linear
regression models in this pilot study.

Results

Study Population

Table 1 summarizes the demographic and clinical data for
this study sample. Of 90 male veterans who served since
September 11, 2001 and who were enrolled at the
Durham VA site, 82 subjects had no missing data. Subject
mean age was 37.3 � 10.3 SD years. Forty-eight percent
were African American, 46% Caucasian, 4% Hispanic,
and 2% Native American. Fifteen percent (12/82) of the
sample reported a history of TBI with loss of conscious-
ness (LOC). Of these 12 veterans, 9 sustained one TBI
with LOC and 3 veterans sustained two TBIs, both with
LOC. Of the 15 total TBIs with LOC, estimated duration of
LOC by self-report was 1–20 minutes for 11 TBIs, 21–59
minutes for 1 TBI, 60 minutes or greater for 2 TBIs, and an
unknown period of LOC for 1 TBI. Seventy-six percent

were nonsmokers (either never smoked or had quit). The
average alcohol use score on the Alcohol Use Disorders
Identification Test [53] was 6.2 � 6.6 (SD).

Allopregnanolone

In the stepwise linear regression model, there was a sig-
nificant, inverse relationship between allopregnanolone
levels in serum and ratings of back pain (Table 2,
P = 0.044). Allopregnanolone levels in serum are higher in
subjects reporting a 0 or 1 for low back pain severity
(no/little pain) compared with those reporting a 2, 3, or 4
for low back pain severity (moderate to extreme pain) on
the SCL-90-R (mean levels 102.5 � 58.9 SD pg/mL vs
81.1 � 34.3 SD pg/mL, respectively; N = 42 for no/little
pain group and N = 40 for moderate-to-extreme pain
group). Allopregnanolone levels in serum also were signifi-
cantly, inversely related to ratings of chest pain in this
model (Table 2, P = 0.013); allopregnanolone levels in
serum are higher in subjects reporting a 0 or 1 for chest
pain severity compared to those reporting a 2, 3, or 4 for
chest pain severity on the SCL-90-R (mean levels
97.9 � 52.0 SD pg/mL vs 67.9 � 25.7 SD pg/mL,
respectively; N = 66 for no/little pain group and N = 16 for
moderate-to-extreme pain group). Thus, participants who
had lower levels of serum allopregnanolone reported
higher levels of back pain and chest pain. Serum allopreg-
nanolone levels were not significantly related to ratings of
headache and muscle soreness (data not shown).

Other Neurosteroids

Stepwise linear regression analyses were also used to
examine the relationship of pregnenolone, DHEA, DHEAS,
and progesterone levels to pain ratings. These analyses
revealed two additional, significant relationships between
neurosteroids and pain ratings. First, DHEA levels in
serum were inversely related to ratings of muscle soreness
(Table 2, P = 0.024). DHEA levels in serum are higher in
subjects reporting a 0 or 1 for muscle soreness severity
compared to those reporting a 2, 3, or 4 for muscle
soreness severity on the SCL-90-R (mean levels

Table 1 Demographic and clinical data

Mean SD

Age (years) 37.3 10.3
Alcohol use (AUDIT score) 6.2 6.6

%
African American 48 (n = 39)
Caucasian 46 (n = 38)
Hispanic 4 (n = 3)
Native American 2 (n = 2)
Traumatic brain injury (with

loss of consciousness)
15 (n = 12)

Current smoker 26 (n = 21)

AUDIT = Alcohol Use Disorders Identification Test.
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10.8 � 6.2 SD ng/mL vs 8.8 � 4.6 SD ng/mL, respec-
tively; N = 54 for no/little pain group and N = 28 for
moderate-to-severe pain group). Second, DHEAS levels
were positively related to ratings of chest pain (Table 2,
P = 0.001). DHEAS levels are lower in subjects reporting a
0 or 1 for chest pain severity compared to those reporting
a 2, 3, or 4 for chest pain severity on the SCL-90-R (mean
levels 243.9 � 145.5 SD mg/dl vs 299.9 � 188.6 SD
mg/dl, respectively; N = 66 for no/little pain group and
N = 16 for moderate to extreme pain group).

Demographic Correlations

As noted above, we included several demographic and
clinical variables as covariates in the stepwise regression
analyses predicting pain ratings: age, smoking, alcohol
use, and history of TBI. None of these covariates were
found to be correlated with pain ratings, with the excep-
tion of a positive association between TBI and ratings of
muscle soreness (Table 2, P = 0.002).

Discussion

Consistent with our hypothesis, the present study demon-
strates an inverse association between serum allopreg-
nanolone and ratings of low back pain and chest pain in
subjects who served in the U.S. military since September
11, 2001. These data support the possibility that there may
be antinociceptive effects for this neurosteroid in humans.
Future studies are needed to replicate these findings and to
definitively evaluate the precise roles of allopregnanolone in
pain disorders. Also, the finding that DHEA demonstrates
an inverse association with a pain measure (muscle sore-
ness) in this cohort raises the possibility of a more general
antinociceptive feature for neurosteroids as a class.

To date, the existing literature contains few studies exam-
ining the relationship between neurosteroid levels and pain
in clinical populations. When the field is narrowed further to
only allopregnanolone, a neurosteroid with considerable
evidence of analgesic properties in rodents [26–31,35],
only one human study remains and this was conducted in
a pain-free healthy volunteer cohort rather than a popula-

tion that included subjects with pain symptoms [42]. This
previous study reported that individuals who showed
higher endogenous allopregnanolone levels in response to
cold pressor, thermal heat, or tourniquet ischemia pain
tests were less likely to report an increase in pain tolerance.
In addition, this study reported that baseline allopreg-
nanolone levels correlated significantly with a decrease in
pain tolerance during pain testing in one ethnic group in the
study sample (i.e., non-Hispanic whites).

Several experimental differences from the present study,
however, should be noted when comparing the findings of
the Mechlin et al. and the current study. Perhaps most
importantly, these studies may involve different patho-
physiological mechanisms, as the present study examines
correlations in baseline perceived pain levels, whereas the
study by Mechlin et al. examines effects on pain threshold
and tolerance via several acute stressor paradigms.
Whereas the present study included a clinical population
reporting pain complaints, the Mechlin et al. study
focused on healthy volunteers free of chronic pain condi-
tions. Further, while the present study included only males,
Mechlin et al. included both males and females, thereby
potentially influencing mean baseline allopregnanolone
levels since this neurosteroid fluctuates across the men-
strual cycle [54–56]. This point may be especially relevant
in light of the fact that the reported pain tolerances were
gender specific in the previous study [42]. Methodologi-
cally, it also should be noted that Mechlin et al. determined
allopregnanolone levels via RIA, a technique that may
identify several GABAergic neurosteroids simultaneously
based on an 84–169% cross-reactivity of the method with
3a-hydroxy-4-pregnen-20-one [55,57] and 6.6% cross-
reactivity with pregnanolone [55], potentially also contrib-
uting to divergent results.

While the present study finds that higher endogenous
allopregnanolone levels correlate with decreased reporting
of some types of pain symptoms, the mechanisms
responsible for potential analgesic effects of this neuros-
teroid remain to be determined. Some possible explana-
tions are currently supported in the literature, including a
role for allopregnanolone in anti-inflammatory actions. For

Table 2 Stepwise linear regression model correlations

Psychiatric rating scale b coefficient Model P value R 2 Individual P value

Lower back pain (SCL-27) 0.0435 0.05
Allopregnanolone -0.0064 0.0435

Chest pain (SCL-12) <0.0028 0.16
Allopregnanolone -0.0054 0.0134
DHEA sulfate 0.0024 0.0012

Muscle soreness (SCL-42) 0.0021 0.17
DHEA -0.0630 0.0238
Traumatic brain injury 1.2284 0.0017

Headache (SCL-1) 0.0734 0.04

DHEA = dehydroepiandrosterone; SCL = Symptom Checklist.
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example, in both mice and rats, allopregnanolone admin-
istration reduces levels of inflammatory cytokines [58,59].
Longer term, the effects of allopregnanolone may result
from protection against cell degeneration and/or cell
death, as considerable evidence exists implicating allo-
pregnanolone in several neuroprotective actions. For
example, in a mouse model of the fatal, autosomal reces-
sive neurodegenerative Niemann-Pick type C disease,
there is a substantial reduction in the synthesis of allopreg-
nanolone at birth [60,61], and neonatal administration of
allopregnanolone delays neurological symptom onset and
doubles lifespan [61,62]. Further, neonatal administration
of allopregnanolone increases neuronal myelination [62], a
process previously demonstrated to involve GABAA recep-
tors [63]. Also, allopregnanolone inhibits apoptosis in rat
models of TBI, decreasing caspase-3 activity and DNA
fragmentation [64], decreasing glial fibrillary acid protein-
positive astrocytes, and improving performance in spatial
learning tasks [65]. Multiple mechanisms may thus con-
tribute to possible analgesic and neuroprotective effects of
this neurosteroid in humans.

Examination of additional neurosteroids yielded no asso-
ciation of either pregnenolone or progesterone with any of
the pain measures, but findings did emerge for both DHEA
and DHEAS. While we found that DHEA levels in serum
were inversely associated with muscle soreness, levels of
its sulfated form were positively associated with chest
pain. Prior evidence has yielded inconsistent analgesic
profiles for both DHEA and DHEAS [38–41] in humans.
However, the differences in findings for each of these
neurosteroids have been between inverse correlations
with pain vs no correlations at all. Thus, the positive cor-
relation between DHEAS and chest pain in the present
study is surprising both in that the response differs from
that of DHEA, and in its incongruity with previous studies.
Why these two neurosteroids demonstrate opposite
serum profiles vis-à-vis pain ratings in this subject popu-
lation is not yet clear. Further examination of various pain
types and severities is needed to determine whether these
findings are specific to muscle soreness or chest pain, as
most previous studies reporting no correlation or a nega-
tive correlation for DHEAS have examined other types of
pain (e.g., joint pain). Also, an examination of the same
neurosteroids and pain measures in women could provide
important information about possible gender-specific
associations, as a negative correlation between DHEAS
and musculoskeletal pain has been reported in a subject
population of 57 women undergoing menopausal transi-
tion [39].

Finally, while age, current smoking, and history of alcohol
use are not associated with any of the pain measures in the
present study, a history of TBI is associated with muscle
soreness. This association is not a surprising one [66–69],
especially given the high rates of polytrauma in this cohort
of returning veterans [4,70,71]. However, the lack of an
association with other pain measures such as headache is
unexpected. It is possible that a larger sample size or the
use of a more comprehensive pain assessment may be
required to capture these additional associations.

Limitations of this exploratory pilot study must be
acknowledged. Our R2 values were relatively low, with a
maximum result of 0.17. We also conducted four separate
analyses, thereby potentially increasing the likelihood of
Type I error. Nevertheless, with the exception of TBI, only
neurosteroid variables were significant in our analyses,
supporting our hypothesis for a neurosteroid role in pain
modulation. Further, the instrument utilized does not query
the specific type of headache, potentially limiting assess-
ments of relationships between neurosteroid levels or
other findings and headache. Results will clearly require
replication in a larger cohort, but these initial findings are
promising, as they are consistent with the preclinical lit-
erature and provide data for future hypothesis testing.

In summary, the present study demonstrates that
increased levels of endogenous allopregnanolone are
associated with decreased self-reported low back pain
and chest pain in subjects who served in the U.S. military
after September 11, 2001. In addition, increased levels of
DHEA are associated with decreased muscle soreness,
and higher DHEAS levels are associated with increased
chest pain in this population. This analysis used explor-
atory techniques (stepwise linear regression) and results
should be replicated in an independent sample. These
findings, particularly if supported by future replication
studies, suggest that modulation of allopregnanolone or
other neurosteroid levels may be logical targets for thera-
peutic intervention in pain disorders.
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