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Complex regional pain syndrome (CRPS) is a severe chronic pain condition that most often develops following trauma. Blood
samples were collected from 220 individuals, 160 CRPS subjects, and 60 healthy pain-free controls. Plasma amino acid levels
were compared and contrasted between groups. L-Aspartate, L-glutamate, and L-ornithine were significantly increased, whereas L-
tryptophan and L-arginine were significantly decreased in CRPS subjects as compared to controls. In addition, the L-kynurenine to
L-tryptophan ratio demonstrated a significant increase, whereas the global arginine bioavailability ratio (GABR) was significantly
decreased in the CRPS subjects. The CRPS subjects demonstrated a significant correlation between overall pain and the plasma
levels of L-glutamate and the L-kynurenine to L-tryptophan ratio. CRPS subjects also showed a correlation between the decrease
in plasma L-tryptophan and disease duration. This study shows that CRPS subjects exhibit significant changes in plasma levels of
amino acids involved in glutamate receptor activation and in amino acids associated with immune function as compared to healthy
pain-free controls. A better understanding of the role plasma amino acids play in the pathophysiology of CRPS may lead to novel
treatments for this crippling condition.

1. Introduction

Complex regional pain syndrome (CRPS), formerly reflex
sympathetic dystrophy (RSD) or causalgia, is a severe chronic
neuropathic pain condition [1, 2]. CRPS usually develops
following trauma and is thought to involve both central
and peripheral components of the neuraxis [1, 3]. The signs
and symptoms of CRPS cluster into four distinct subgroups:
(1) abnormalities in pain processing, (2) skin color and
temperature changes, (3) edema, vasomotor, and sudomo-
tor abnormalities, and (4) motor dysfunction and trophic
changes [4]. Continuous pain is the most devastating of these
symptoms and has been reported to spread and worsen over
time, and it is usually disproportionate to the severity and
duration of the inciting event [2].

CRPS may result from 5% of all nerve injuries [5, 6]
and affects between 200,000 and 1.2 million Americans. In
our pain clinic, CRPS demonstrates a 4 : 1 female to male
preponderance and an average age of onset of 37 years old [3].

The incidence of CRPS reported 3 months following radial
fractures (28%) is significantly higher than the incidence
(7%) reported 1 year after the same fracture [7]. The majority
of CRPS patients undergo resolution of their symptoms,
often spontaneously, and in only a minority of patients does
the disease become chronic [8]. However, after one year,
most signs and symptoms become well developed and rarely
resolve [3]. It remains unknown why most subjects undergo
normal healing following an injury whereas others progress
to a chronic painful condition with little or no chance of
resolution.

Although the pathophysiology of CRPS is not completely
understood, two mechanisms based largely on experimental
animal models have wide support in the literature as contrib-
utors to its initiation andmaintenance [2]. Onemechanism is
centered on neuronal sensitization and the other on neuroim-
mune interactions [9, 10]. Pain perception has been classically
viewed as being mediated solely by neurons and most early
studies of exaggerated pain conditions centered on peripheral
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and central neuronal sensitization as the driving mechanism
[9, 11]. However, over the last decade, a vast number of
studies support the notion of both glia and immune system
involvement in chronic pain disorders including CRPS [12–
16].

Following an injury, several immune mediated mech-
anisms can affect pain signaling systems. Mast cells, neu-
trophils, and macrophages are activated and recruited to the
site of injury [17].Disruption of the bloodnerve barrier allows
for the invasion of the nerve by fibroblasts, macrophages
and Schwann cells [18]. These cells release proinflammatory
cytokines and chemokines that have been implicated in the
generation of neuropathic pain either via direct sensitization
of nociceptors or indirectly by stimulating the release of
agents that act on neurons and glia [16, 19, 20]. Microglia
and astrocytes are the immunocompetent cells in the central
nervous system (CNS) and are activated following tissue
injury or inflammation [21]. Once activated, microglia and
astrocytes release a number of substances known to excite
pain transmission in neurons [22, 23]. Activated microglia
and astrocytes have been shown to be both necessary and
sufficient for enhanced nociception [16]. A number of studies
have shown an altered cytokine profile in blood, cere-
brospinal fluid, and blister fluid in patients with CRPS [24–
27]. In addition, activation of both microglia and astrocytes
has been reported in spinal cord autopsy tissue from a subject
afflicted with CRPS [14].

Nerve injury and regional neural activation have also
been implicated in the disruption of the blood-spinal cord
barrier (BSCB) resulting in the influx of inflammatory medi-
ators and the spinal recruitment of T cells and monocytes
[28, 29]. T-Lymphocyte deficient mice demonstrate signifi-
cantly less mechanical allodynia after nerve injury than wild-
type animals [13]. The metabolism of L-tryptophan and L-
arginine in myeloid cells has been reported to control T-
cell proliferation, survival, and responses to antigens [30–33].
Deficiencies of L-arginine can contribute to endothelial cell
and T-cell dysfunction as well as impairment of nitric oxide
(NO) dependent signaling pathways in the CNS [34, 35].

The aim of this study was to extend previous reports
demonstrating plasma amino acid alterations in neuropathic
pain conditions such as fibromyalgia and CRPS type 1 [36–
39]. Reductions in the plasma levels of both L-arginine and
L-tryptophan have been reported in fibromyalgia patients
[36, 37, 39]. Plasma alterations in amino acids known to be
involved in N-methyl-D-aspartate (NMDA) receptor activa-
tion and the endothelium-dependent arginine-NO system
have been reported in CRPS type 1 subjects [38]. However,
there were several amino acids such as D-serine and L-
kynurenine involved in these systems that were not evaluated
in the aforementioned studies.

This study evaluated the plasma level of D-serine a co-
agonist of the NMDA glutamate receptor [40, 41]. In addition
to being expressed in CNS neurons [42, 43], glutamate
receptors including the NMDA receptor are expressed at the
peripheral processes of unmyelinated fibers [44]. Activation
of these receptors has been demonstrated to contribute to
hyperalgesia in animal models of neuropathic pain [44].

The NMDA glutamate receptor is also expressed in a vari-
ety of other cells including immune competent cells such
as thymocytes, lymphocytes, and neutrophils [45, 46]. We
evaluated L-kynurenine to explore a possible activation of
the L-tryptophan to L-kynurenine pathway [40, 41, 47]. The
activation of the L-kynurenine pathway by upregulation of
indoleamine (2,3)-dioxygenase (IDO) has been linked to
both pain and depression [48]. We also evaluated plasma
levels of cortisol and neopterin in order to determine the
relative involvement of tryptophan (2,3)-dioxygenase (TDO)
and IDO in L-tryptophan metabolism. In addition, the
previous study [38] evaluated plasma amino acids in CRPS
type 1 subjects, this study included subjects afflictedwith both
CRPS type 1 and type 2 aswell as healthy pain-free individuals
as controls.

2. Methods

Men and nonpregnant women between the ages of 18 and
69 years old with a physician diagnosis of complex regional
pain syndrome (CRPS) and healthy pain-free controls were
recruited for this study. CRPS patients were recruited from
the neurology pain clinic of Drexel University School of
Medicine and met the clinical Budapest criteria for CRPS
[49]. The CRPS subjects were classified as CRPS type 1 (no
demonstrable nerve lesions) or type 2 (with demonstrable
nerve lesions) [4]. Healthy pain-free control subjects were
recruited from the community’s general population. All sub-
jects were enrolled after giving informed consent as approved
by the Drexel University School of Medicine Institutional
Review Boards (IRB).

2.1. Patient Evaluation. All CRPS patients received a com-
plete neurological examination and pain evaluation. Overall
pain was determined on a 0–10 numerical rating scale (NRS)
(0 was defined as no pain and a 10 was defined as the
worst pain imaginable). The CRPS patients were evaluated
and blood samples were obtained while taking their current
medications. A list of these medications, other medical
conditions reported by the subject, and blood values from
a comprehensive metabolic panel and complete blood count
with differential were obtained from their medical record.
Additionally, the majority of the CRPS patients (108/160)
underwent quantitative sensory testing (QST) to evaluate hot
and cold detection thresholds as well as hot and cold pain
thresholds. All clinical and pain evaluations were performed
by the same investigator (RJS). All QST evaluations were also
performed by one investigator (JRG). The detailed methods
used for the CRPS patients neurologic and pain evaluation
and the determination of thermal detection thresholds,
thermal pain thresholds, motor function, and cutaneous
temperature have been previously described [26, 50].Medical
history and self-reported values for height and weight were
obtained from the normal healthy control subjects.

2.2. Blood Sampling. Venous non-fasted blood samples were
collected into EDTA-coated (purple top) vacutainers between
8:00 a.m. and 12:00 noon. Blood samples were drawn from
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the cubital veins of subjects at rest. The plasma was separated
by centrifugation (3000×g for 15 minutes at 4∘C), split into
250 microliter aliquots, and stored at −70∘C until assayed.

2.3. Determination of Plasma Amino Acids, Neopterin, and
Cortisol. Plasma levels of L-alanine, L-arginine, L-asparag-
ine, L-aspartate, L-citrulline, L-glutamate, L-glutamine, gly-
cine, L-histidine, L-isoleucine, L-leucine, L-methionine, L-
ornithine, L-phenylalanine, L-serine, D-serine, L-threonine,
L-tyrosine, L-valine, taurine, and L-lysine were determined
by high-performance liquid chromatography (HPLC) with
fluorimetric detection using a modification of the method
of Hashimoto et al. [51]. Plasma samples were deproteinated
by ultrafiltration through a 10,000 molecular weight cutoff
filter (Microcon Ultracel YM-10). The deproteinated plasma
was precolumn derivatized with N-tert-butyloxycarbonyl-
L-cysteine and O-phthaldialdehyde. The derivatized amino
acids were analyzed using an octadecylsilane (C

18
) column

(Agilent ZORBAX Eclipse Plus C18 4.6 × 150mm, 3.5 um
particle size) with a guard column (Agilent ZORBAX Eclipse
Plus C18 4.6 × 50mm, 3.5 um particle size). The column was
operated at a constant flow rate of 0.8mL/min. Mobile phase
A was 0.1M sodium acetate buffer (pH 6.0), containing 7%
acetonitrile and 3% tetrahydrofuran, and mobile phase B was
0.1M sodium acetate buffer containing 47% acetonitrile and
3% tetrahydrofuran.The separation of amino acid derivatives
was performed using a gradient from mobile phase A to B
over 70 minutes. The gradient program began isocratically at
a mixture of 90% A, 10% B for 5 minutes and then a linear
increase to 85% A, 15% B from 5 to 40 minutes, followed
by a second linear increase to 20% A, 80% B from 40 to
70 minutes. This was followed by a linear decrease down
to the initial mixture of 90% A, 10% B from 70 to 75min.
The column was maintained isocratically at this mixture for
at least 2min to reequilibrate the system before the next
injection.The fluorescent amino acid derivative was detected
using aGilsonmodel 121 fluorometer (Gilson Inc.,Middleton,
WI).

Plasma levels of L-tryptophan and L-kynurenine were
determined byHPLCwith electrochemical detection (HPLC-
EC) using a modification of the method of Maneglier et al.
[52]. Plasma samples were deproteinated with perchloric
acid (100𝜇L of plasma, 10 𝜇L of 35% perchloric acid, and
10 𝜇L of 450𝜇M 3-O-methyl dopa (in 2mM ascorbic acid)
as an internal standard). The acidified plasma was vortexed
for 30 seconds, allowed to sit at room temperature for two
minutes, and then centrifuged for 5 minutes at 14,000 g
at 4∘C. The supernatant was diluted 1 : 10 with ultrapure
water (25 𝜇L of supernatant plus 225𝜇L of ultrapure water)
and filtered through a 10,000 molecular weight cutoff filter
(Microcon Ultracel YM-10). Twenty microliters of the filtrate
was then injected into the HPLC system for analysis. HPLC
was performed isocratically on an octadecylsilane (C18)
column (Thermo Scientific Hypersil Gold 150 × 4, 3.0 𝜇m
particle size) with a mobile phase of 4% acetonitrile in
buffer (20mM sodium phosphate, pH 4.5). Coulometric
detection (Coulochem II 5200A, ESA, Inc., Bedford,MA)was
accomplished with the guard cell at a potential of +0.45 volts,
electrode number 1 at +0.30 volts and electrode number 2 at

+0.875 volts. The internal standard was detected in electrode
#1 whereas L-tryptophan and L-kynurenine were detected in
electrode #2.

2.4. Determination of Plasma Neopterin and Cortisol. Plasma
levels of neopterin and cortisol were determined by Enzyme-
Linked Immunosorbent Assay (ELISA) using kits from
IBL International (Hamburg, Germany) with sensitivities
of 0.7 nmoles/L and 2.46 ng/mL, respectively. The assays
were performed in duplicate according to the manufacturer’s
instructions.

2.5. Statistical Analysis. Differences in amino acid levels
between the subjects and healthy controls were examined
using Students 𝑡-test for independent groups. Correlation
between parametric variables was determined by the evalu-
ation of the Pearson product-moment correlation coefficient
(𝑅). For nonparametric variables, Spearman’s rank correla-
tion coefficient (rho) was evaluated. The data was considered
significantly different if 𝑃 < 0.05. Power analysis was used
utilizing published values (mean and standard deviation)
for the human plasma amino acids that were evaluated to
estimate the number of subjects per group needed in order
to observe a 33% change with a power of 80% and an alpha
of 0.05. The number varied from 15 to 30 subjects per group
(depending on the amino acid). For this study, we used all
of the available samples in our CRPS blood bank, 160 CRPS
subjects and 60 age- and gender-matched healthy controls,
a number in excess of the sample size required by power
analysis. Statistical calculations were accomplished with the
aid of data analysis software, SYSTAT version 11 (SYSTAT
Software Inc., Chicago, IL) and PASW Statistics version 18
(SPSS Inc. an IBM Company, Chicago, IL).

3. Results

3.1. Subject Demographics. A total of 220 subjects (160 CRPS
and 60 controls) were enrolled in this study. One hundred
and twenty-four of the CRPS subjects were type 1 and 36
type 2. The breakdown of the subject population by gender
and race was as follows: the 60 subjects in the control
group (48 females, 12 males) consisted of 47 Caucasians,
5 African Americans, 6 Asians, and 2 Hispanics, whereas
the 160 subjects in the CRPS group (131 females, 29 males)
consisted of 153 Caucasians, 4 African Americans, 1 Asian,
and 2Hispanics.Thebreakdownof theCRPS group by gender
and race is consistent with the distribution observed in the
CRPS population in our clinic and other clinics in the United
States [3, 53].The number of subjects in each group, their age,
gender, and body mass index (BMI), as well as their CRPS
type, duration of disease, and NRS pain score for the CRPS
group, are tabulated in Table 1. There were no statistically
significant differences (𝑃 > 0.05) in age, gender ratio, or BMI
between the CRPS and the healthy control populations.

3.2. Pain and Quantitative Sensory Evaluation. The CRPS
subjects reported NRS pain scores at the time the blood
sample was taken that ranged from 1 to 10 with a median
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Table 1: Subject demographics.

Subject group 𝑁
Age M/F BMI Type Duration NRS

Years (range) 1/2 Years (range) (0–10)
Controls 60 40.7 (23–68) 12/48 26.2 ± 0.8 N/A N/A N/A
CRPS 160 43.7 (18–68) 29/131 26.9 ± 0.5 124/36 8.6 (0.5–36) 7 (1–10)
This table lists the two groups, the number of subjects (𝑁) in each group, their average age and range in years, the gender ratio (males/females), and the body
mass index (BMI, mean ± standard error). In addition, for the CRPS patients, it lists the number of CRPS type 1 and 2 patients, the mean and range of the
disease duration (years between initiating event and blood draw) and the median and range of the NRS pain score.There were no significant differences in age
(𝑃 = 0.12), BMI (𝑃 = 0.38), or gender makeup (𝑃 = 0.75) between CRPS subjects and controls.

value of 7. However, most subjects reported pain greater than
or equal to 4, with only 11 out of 160 subjects reporting
pain levels less than 4 (no subject reported zero pain).
On clinical examination, all CRPS subjects demonstrated
abnormalities in pain processing with mechanoallodynia
(static or dynamic) being themost frequently found symptom
(142/160). Skin color and temperature changes were found in
80% of subjects, whereas edema, vasomotor, and sudomotor
abnormalities were found in 83.8%. Motor dysfunction and
trophic changes were found in 95% of the subjects with
weakness being the most prevalent (145/160) motor finding.

One hundred and eight of the 160 CRPS subjects had
quantitative thermal tests performed as part of their clinical
evaluation. Alteration of cold or warm detection thresholds
was determined using the normal cutoff limits reported by
Yarnitsky and Sprecher [54]. Evidence of cold allodynia or
heat hyperalgesia was determined using previously published
values of cold and heat pain thresholds in normal control sub-
jects [55, 56]. None of the subjects demonstrated low thresh-
olds (hypersensitivity) to cold or warm stimuli. The majority
of CRPS subjects (68/108) demonstrated elevated (hyposen-
sitivity) thresholds to cold (49/108), heat (57/108), or both
(39/108). Close to half of the CRPS patients (49/108) demon-
strated thermal allodynia. Thirty eight patients showed cold
allodynia, 38 demonstrated heat hyperalgesia and 27 demon-
strated both.There were no significant differences (𝑃 > 0.05)
in age, gender, BMI, overall pain, clinical signs and symptoms
or quantitative thermal tests between the type 1 and type 2
CRPS subjects.

3.3. Plasma Levels of Amino Acids Neopterin and Cortisol.
Plasma amino acid levels in both the CRPS and control
groups are listed in Table 2. The plasma levels of L-aspartate,
L-glutamate, and L-ornithine were significantly increased
(𝑃 < 0.005) whereas L-tryptophan and L-arginine were sig-
nificantly decreased (𝑃 < 0.05) in the CRPS group as com-
pared to healthy controls. All probabilities were adjusted for
multiple testing (Bonferroni). In addition, the L-kynurenine
to L-tryptophan ratio (an index of indoleamine (2,3)-
dioxygenase (IDO) activity) demonstrated a significant
(𝑃 < 0.001) increase between the CRPS group and healthy
controls, whereas the global arginine bioavailability ratio
(GABR) (defined as L-arginine/[L-ornithine + L-citrulline])
was significantly (𝑃 < 0.0001) decreased in theCRPS subjects
(Table 3).

Plasma levels of neopterin and cortisol in both the CRPS
and control groups are listed in Table 3.

There was a significant (𝑃 < 0.05) increase in plasma
neopterin, a biomarker of immune activation [47, 57], in the
CRPS group as compared to healthy controls. However, there
was no significant change (𝑃 > 0.05) in plasma cortisol levels
between CRPS and healthy control subjects.

For all amino acids, neopterin and cortisol, there was
no significant sex differences (𝑃 > 0.05) in plasma levels
within the healthy control or CRPS patient groups. There
was also no significant difference (𝑃 > 0.05) in plasma
levels of all analytes between the type 1 and type 2 CRPS
subjects. Some amino acids and neopterin demonstrated a
significant (𝑃 < 0.05) correlation between their plasma levels
and BMI (Table 4) or age (Table 5). However, when corrected
for BMI, age, or both, the statistical significant differences
between CRPS subjects and controls shown by these analytes
remained unchanged.

The CRPS subjects in this study demonstrated no sig-
nificant correlation (𝑃 > 0.05) between the plasma level of
any analyte (amino acids, neopterin, or cortisol) and age at
onset of symptoms, cold allodynia, heat hyperalgesia, or cold
temperature detection threshold.However, theCRPS subjects
demonstrated a significant correlation between overall pain
and the plasma levels of L-glutamate (rho = 0.156, 𝑃 = 0.050)
(Figure 1), the L-kynurenine to L-tryptophan ratio (rho =
0.166, 𝑃 = 0.043), and neopterin (rho = 0.175, 𝑃 = 0.036).
In addition, the plasma levels of L-glutamate showed a
significant correlation with warm detection threshold (𝑅 =
0.252, 𝑃 = 0.0089) and L-tryptophan with duration of CRPS
(𝑅 = 0.211, 𝑃 = 0.0105) (Figure 2).

Themost frequently prescribed medications in our CRPS
group were narcotics, antidepressants, antiepileptics, and
antianxiolytics. There was no significant difference (𝑃 >
0.05) in plasma analyte levels between CRPS subjects taking
these medications and those who were not. There was also
no significant difference (𝑃 > 0.05) in plasma analyte lev-
els in the CRPS subjects when grouped by the number of
medications they were taking. The CRPS patients in this
study reported a number of other diagnosed conditions.
The following conditions (including the percent afflicted
if greater than 5%) were reported by the study subjects:
depression (66.9%), headaches (65.6%), generalized anxiety
disorder (53.1%), gastroesophageal reflux disease (GERD)
(33.3%), hypertension (31.3%), high cholesterol (26.3%),
irritable bowel syndrome (22.5%), radiculopathies (23.8%),
cardiovascular disease (17.5%), thyroid problems (15.6%),



Pain Research and Treatment 5

Table 2: Plasma amino acid levels.

Amino acid Controls (𝑛 = 60) CRPS (𝑛 = 160)
𝑃

(umoles/L) (umoles/L)
L-Aspartate 7.47 ± 0.36 9.27 ± 0.30 0.00473
L-Glutamate 52.51 ± 4.29 77.22 ± 3.52 0.00057
L-Asparagine 51.91 ± 1.69 47.59 ± 0.93

L-Serine 107.75 ± 3.54 100.16 ± 2.23

L-Glutamine 572.73 ± 13.2 579.40 ± 9.74

D-Serine 1.94 ± 0.07 2.06 ± 0.05

L-Citrulline 28.17 ± 1.20 30.58 ± 0.84

L-Threonine 135.07 ± 5.04 133.34 ± 3.08

Glycine 302.99 ± 12.6 318.87 ± 9.31

L-Histidine 65.88 ± 2.28 68.07 ± 1.91

L-Arginine 67.49 ± 3.33 48.82 ± 1.59 0.000001
L-Alanine 426.06 ± 14.2 447.11 ± 11.1

Taurine 67.46 ± 2.61 72.87 ± 2.29

L-Tyrosine 80.72 ± 2.82 77.39 ± 1.77

L-Valine 260.67 ± 8.54 243.64 ± 5.46

L-Methionine 23.81 ± 0.87 20.76 ± 0.50

L-Isoleucine 74.93 ± 3.51 66.89 ± 1.90

L-Tryptophan 41.91 ± 1.25 36.96 ± 0.82 0.04210
L-Phenylalanine 48.23 ± 1.45 46.53 ± 0.92

L-Leucine 122.71 ± 4.70 108.53 ± 2.57

L-Ornithine 70.29 ± 3.53 94.38 ± 3.12 0.00002
L-Lysine 160.89 ± 5.76 155.57 ± 3.37

L-Kynurenine 1.79 ± 0.07 1.80 ± 0.06

This table lists the plasma amino acid levels in CRPS and healthy control subjects. All values are given in micromoles per liter ± the standard error of the mean.
Significant difference in plasma amino acid levels between the control and CRPS groups was determined with the Student’s 𝑡-test adjusted for multiple testing
(Bonferroni). Bonferroni adjusted probability values (the 𝑃 value from the Student’s 𝑡-test multiplied by 23, the number of amino acids evaluated) less than
0.05 are highlighted in bold.

Table 3: Plasma neopterin, cortisol, global arginine bioavailability ratio, and L-kynurenine to L-tryptophan ratio.

Analyte Controls CRPS
𝑃

(𝑛 = 60) (𝑛 = 160)
GABR 0.727 ± 0.037 0.437 ± 0.018 1.0 × 10−09

L-Kyn/L-Trp 0.043 ± 0.001 0.050 ± 0.001 0.00097
Neopterin (nM) 5.97 ± 0.22 6.76 ± 0.20 0.01245
Cortisol (ng/mL) 92.51 ± 7.81 87.08 ± 4.00 0.56200
This table lists the global arginine bioavailability ratio (GABR) (defined as plasma L-arginine/(L-ornithine + L-citrulline), the plasma L-kynurenine to L-
tryptophan ratio, and the plasma levels of neopterin and cortisol in CRPS and healthy control subjects. Values are given as the mean ± the standard error
of the mean. Significant difference between the control and CRPS groups was determined with the Student’s 𝑡-test. Statistically significant probability values
(𝑃 < 0.05) are highlighted in bold.

arthritis (13.8%), and disk disease (11.9%). There was no
significant difference (𝑃 > 0.05) in plasma analyte levels
betweenCRPS subjects exhibiting any of these conditions and
those who did not.

4. Discussion

This study demonstrated differences in the plasma level of
a number of amino acids in subjects afflicted with CRPS
as compared to pain-free healthy controls. There were three
principal findings: (1) significant increases (𝑃 < 0.005) in

plasma L-glutamate and L-aspartate with no significant (𝑃 >
0.05) difference in plasma levels of glycine and D-serine
(coagonists at the NMDA receptor); (2) significant (𝑃 < 0.05)
but modest decrease in plasma L-tryptophan along with a
significant (𝑃 < 0.001) increase in the L-kynurenine to L-
tryptophan ratio; and (3) a significant (𝑃 < 0.0001) decrease
in plasma L-arginine with a concomitant significant (𝑃 <
0.0001) decrease in its bioavailability (GABR).

The alterations in the plasma concentrations of these
amino acids have functional consequences in the patho-
physiology of CRPS. In addition to being expressed in
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Figure 1: Plasma levels of L-glutamate (mean ± standard deviation)
in healthy pain-free controls and CRPS subjects grouped by increas-
ing overall NRS pain values. The plasma level of L-glutamate in the
CRPS subjects demonstrated a significant positive correlation (rho
= 0.156, 𝑃 = 0.050) with overall pain.
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Figure 2: Plasma levels of L-tryptophan in the CRPS subjects
versus duration of CRPS (years between initiating event and blood
draw). The plasma level of L-tryptophan in the CRPS subjects
demonstrated a significant negative correlation (𝑅 = 0.211, 𝑃 =
0.0105) with duration of CRPS.

Table 4: Correlations between plasma amino acids and BMI.

Amino acid Controls linear
regression

CRPS linear
regression

L-Asp 𝑅 = 0.410, 𝑃 = 0.00115

L-Glu 𝑅 = 0.445, 𝑃 = 0.00037 𝑅 = 0.340, 𝑃 = 0.00001

L-Ser 𝑅 = 0.216, 𝑃 = 0.00616

L-Ala 𝑅 = 0.301, 𝑃 = 0.00011

L-Tyr 𝑅 = 0.228, 𝑃 = 0.00380

L-Val 𝑅 = 0.314, 𝑃 = 0.01460

L-Leu 𝑅 = 0.292, 𝑃 = 0.02375
L-Kyn 𝑅 = 0.186, 𝑃 = 0.02204

This table list Pearson’s correlation coefficient (𝑅) and probability (𝑃) for
amino acids that demonstrated significant (𝑃 < 0.05) correlation between
their plasma level andBMI.Theamino acid L-serine demonstrated an inverse
correlation with BMI, whereas all other amino acids listed in this table
demonstrated a positive linear correlation.

Table 5: Correlations between plasma amino acids and age.

Amino acid Controls linear regression CRPS linear regression
L-Gln 𝑅 = 0.298, 𝑃 = 0.02090

L-Cit 𝑅 = 0.484, 𝑃 = 0.00009 𝑅 = 0.234, 𝑃 = 0.00293

L-Arg 𝑅 = 0.278, 𝑃 = 0.03132

L-Tyr 𝑅 = 0.288, 𝑃 = 0.00225

L-Val 𝑅 = 0.166, 𝑃 = 0.03647

L-Orn 𝑅 = 0.311, 𝑃 = 0.01760 𝑅 = 0.160, 𝑃 = 0.04290

This table list Pearson’s correlation coefficient (𝑅) and probability (𝑃) for
amino acids that demonstrated significant (𝑃 < 0.05) correlation between
their plasma level and the subjects age. All amino acids listed in this table
demonstrated positive linear correlation with age.

CNS neurons [42, 43], glutamate receptors including the
NMDA receptor are expressed at the peripheral processes of
unmyelinated fibers [44]. Activation of these receptors has
been demonstrated to contribute to hyperalgesia in animal
models of neuropathic pain [44]. Significant increase in
plasma L-glutamate has been previously reported in CRPS
type 1 subjects [38].

The metabolism of L-tryptophan and L-arginine in
myeloid cells has been reported to control T-cell prolifera-
tion, survival, and responses to antigens [30–33]. In animal
models, T cells play an important role in the development
of neuropathic pain. Peripheral nerve injury has been shown
to increase the infiltration of T cells in the adult mouse
spinal cord [13]. T-lymphocyte deficient mice demonstrate
significantly less mechanical allodynia after nerve injury than
wild-type animals [13]. Reductions in the plasma levels of
both of these amino acids have been reported in fibromyalgia
patients [36, 37, 39].

4.1. L-Tryptophan and the L-Kynurenine to L-Tryptophan
Ratio. L-Tryptophan is an essential amino acid and as such
it cannot be synthesized and must be supplied in the diet.
L-Tryptophan is metabolized by tryptophan hydroxylase,
the rate-limiting step, leading to the synthesis of serotonin
[58] and by enzymes in the kynurenine pathway [47].
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Two enzymes, tryptophan (2,3)-dioxygenase (TDO) and
indoleamine (2,3)-dioxygenase (IDO), catabolize tryptophan
via the kynurenine pathway [47]. IDO is expressed by a
variety of cells and is inducible preferentially by Th1-type
cytokines whereas TDO is localized to the liver and is upreg-
ulated by corticosteroids [47].

In addition to the decrease in the plasma levels of L-
tryptophan, the CRPS subjects demonstrated a significant
(𝑃 < 0.05) increase in the L-kynurenine to L-tryptophan ratio
(kyn/trp) an index of activation of the kynurenine pathway
[59]. The activation of IDO has been linked to both pain
and depression [48, 60]. Activated IDO is indicated when
kyn/trp correlates with an immune activation parameter such
as plasma neopterin whose concentration has been shown
to be a sensitive biomarker of Th1-type immune activation
in humans [47, 57]. There was a significant correlation
between kyn/trp and plasma neopterin levels in the CRPS
subjects (𝑅 = 0.385, 𝑃 < 0.0001) whereas kyn/trp did not
correlate with plasma cortisol.The fact that theCRPS subjects
demonstrated significant (𝑃 < 0.05) increases in both kyn/trp
and neopterin as compared to controls strongly suggests
immune activation and IDO upregulation in CRPS.

4.2. L-Arginine and the Global Arginine Bioavailability Ratio.
The modulation of T-cell function by monocytes and gran-
ulocytes can also be accomplished by manipulating the
metabolism of L-arginine [30, 61]. L-Arginine is classified
as a semiessential amino acid given that the body usually
produces enough of it from L-citrulline by the kidney; L-
citrulline, in turn, is produced fromglutamine in the intestine
[62]. Two enzymes are involved in L-arginine metabolism:
(1) the nitric oxide synthases (NOS1, NOS2, and NOS3)
that generate nitric oxide (NO) and L-citrulline and (2)
the arginases (Arg1 and Arg2) that produce urea and L-
ornithine [61, 63, 64]. Given that the metabolisms of L-
arginine, L-citrulline, and L-ornithine are interconnected,
the global arginine bioavailability ratio (GABR) is a better
index of dysregulation of L-arginine metabolism compared
to systemic arginine levels [34]. GABR was found to be
significantly decreased (𝑃 < 0.00001) in the CRPS subjects
in this study as compared to controls.

Deficiencies of L-arginine can contribute to endothelial
cell and T-cell dysfunction as well as dysfunction of NO
dependent signaling pathways in the CNS [34, 35]. A number
of animal studies have shown that inhibition of NO synthesis
from L-arginine can considerably reduce both inflammatory
and neuropathic pain [35, 65]. However, there are conflicting
results showing both pronociceptive and antinociceptive
effects of NO. Some studies have shown that, in animal mod-
els of inflammatory and neuropathic pain, local inhibition
of NO synthesis in the spinal cord leads to a reduction of
nociceptive behavior [66, 67]. Other studies report that the
intrathecal administration of the NO precursor L-arginine
reduced dorsal horn neuronal activity in response to a
noxious stimulus and an increased mechanical threshold for
tail withdrawal [68, 69]. The effect of decreased L-arginine
bioavailability on NO synthesis and its consequence to the
pathophysiology of CRPS need further evaluation.

4.3. Amino Acids Involved in NMDA Receptor Activation.
This study also found that, in CRPS subjects, amino acids
involved in NMDA receptor activation such as L-glutamate
and L-aspartate demonstrated significant (𝑃 < 0.005)
increases in their plasma levels as compared to healthy pain-
free controls. However, the plasma levels of D-serine and
glycine, the coagonists of the NMDA glutamate receptor [40,
41], although slightly increased, did not differ significantly
(𝑃 > 0.05) from controls.

Although some investigators postulate that plasma L-
glutamate levels reflect levels of L-glutamate in brain [70],
the current consensus in that L-glutamate does not readily
cross the blood-brain barrier [71]. Under normal conditions,
as in the periphery, brain L-glutamate is derived from local
synthesis from other amino acids and citric acid cycle
intermediates [72, 73]. It is therefore unlikely that elevated
plasma L-glutamate would have an effect on central NMDA
receptors. However, in addition to being expressed in CNS
neurons where it mediates calcium influx in response to
synaptic activity [42, 43], the NMDA glutamate receptor is
expressed in the peripheral processes of unmyelinated fibers
where its activation contributes to hyperalgesia in animal
models of neuropathic pain [44]. Elevated plasma levels of
L-glutamate can also increase the activation of peripheral
metabotropic glutamate receptors which have been liked to
both nociception and immune modulation [44, 74, 75]. Both
glutamate receptor activation and neuroimmunemodulation
have been associated with the pathophysiology of CRPS [9,
10].

The NMDA glutamate receptor is also expressed in a
variety of nonneuronal cells such as astrocytes and oligoden-
drocytes where they are thought to mediate neuron to glia
signaling [76, 77]; in erythrocytes, mediating calcium influx
that activates nitric oxide synthase which produces nitric
oxide in the presence of L-arginine [78]; in neuroepithelial
cells where they are thought to control glutamate transporters
and the neuroepithelial barrier [79]; and in immune cells
where they play a role in modulating immune function [45].
The increased plasma levels of L-glutamate and L-aspartate
observed in the CRPS subjects in this study may cause the
activation of peripheral NMDA receptors. The efficacy of
NMDA receptor antagonists in the treatment of CRPS [80–
83] may be due in part to NMDA receptor inhibition at
peripheral sites.

Changes in plasma amino acid levels have been previously
reported in type 1 CRPS [38]. The study demonstrated
increased plasma levels of glutamate, arginine, serine, taurine,
glycine, and phenylalanine with decreased plasma levels of
methionine (amino acid results from their study are listed
without the L or D prefix given that their methods did not
allow for the separation of L from D amino acids) [38].
Other than the increase in plasma L-glutamate, there was
little agreement between our findings and those of these
investigators and the 47% increase in plasma L-glutamate
reported in our study was much smaller than the 574%
increase reported in theirs [38]. Both studies collected blood
from nonfasted subjects and the plasma amino acid values
for our control subjects did not differ from the control
values reported in their study, suggesting that the variance
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between the two studies were not due to the methodological
differences. Further studies are required in order to resolve
the differing results between these studies.

4.4. Study Limitations. There are several limitations of this
study. The study subjects were not fasted prior to obtaining
blood samples. However, there was little change in the plasma
levels of the essential amino acids (amino acids that cannot
be synthesized and therefore must be supplied in the diet)
between CRPS subjects and controls. Of the eight essential
amino acids evaluated in this study, only tryptophan demon-
strated a significant (although modest) difference between
CRPS and control subjects. These facts do not support the
suggestion that the amino acid changes reported in this
study were diet related. Depression questionnaires (such as
the Becks depression inventory) were not administered to
evaluate the CRPS subject’s severity of depression and its
contribution to altered plasma amino acids. However, given
that the plasma amino acid levels did not differ betweenCRPS
subjects with (𝑛 = 107) and without (𝑛 = 53) depression, the
authors feel that this limitation does not negate our findings.

5. Conclusion

The results of this study suggest that the increase in plasma L-
glutamate may affect peripheral glutamate receptors involved
in nociception and immune modulation, that the decrease
in plasma L-tryptophan is most likely due to upregulation of
IDO, whereas the reduction of plasma L-arginine is likely due
to increased arginase activity. However, upregulation of the
nitric oxide synthases is also a possibility. Our results also
support that, in the CRPS subjects, increases in plasma L-
glutamate correlatewith the degree of painwhereas decreased
plasma L-tryptophan is associated with disease duration.
Additional studies are needed to discern the mechanisms
by which plasma amino acids are altered as well as the role
that these alterations play in the pathophysiology of CRPS. A
better understanding of these mechanisms may lead to novel
treatments for this crippling condition.
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