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Summary

Sickle cell disease (SCD) pain transitions from acute to chronic for unknown reasons. Chronic
elevation of the pain neurotransmitter substance P (SP) sensitizes pain nociceptors. We evaluated
SP levels in controls and SCD patients during baseline and acute pain and investigated
associations between SP and age, gender, pain history, haemolysis and hydroxycarbamide (also
termed hydroxyurea) use. Plasma SP levels were measured using enzyme-linked immunosorbent
assay. Independent samples t-test compared SP levels between: 1) SCD baseline and controls and
2) SCD baseline and acute pain. Multivariate linear regression determined associations between
SP and age, gender, pain history and hydroxycarbamide use. Spearman correlation determined an
association between SP and haemolysis. We enrolled 35 African American controls, 25 SCD
baseline and 12 SCD pain patients. SCD patients were 7-19 years old. Meanzstandard deviation
SP level (pg/ml) in SCD baseline was higher than controls (32.4+11.6 vs. 22.9+7.6, £=0.0009). SP
in SCD pain was higher than baseline (78.1+43.4 vs. 32.4+11.6, P=0.004). Haemolysis correlated
with increased SP: Hb (r=-0.7, £=0.0002), reticulocyte count (+=0.61, £=0.0016), bilirubin
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(r=0.68, P=0.0216), LDH (r=0.62, P=0.0332), aspartate aminotransferase (+=0.68, P=0.003).
Patients taking hydroxycarbamide had increased SP ($=29.2, £=0.007). SP could be a mediator of
or marker for pain sensitization in SCD and a biomarker and/or target for novel pain treatment.
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Introduction

Pain causes significant morbidity for patients with sickle cell disease (SCD) and is
associated with increased mortality and markedly reduced health-related quality of life.
(Brandow et al., 2010; Platt ef al., 1991) Severe acute intermittent pain is the norm in
childhood; however, as SCD patients age, sickle cell pain becomes chronic with almost 30%
of patients reporting daily pain. (Brandow et a/., 2010; Brousseau et a/. 2010; Panepinto et
al., 2005; Smith et al., 2008) Increasing evidence in both murine models and patients with
SCD suggests that abnormalities in the peripheral and central nervous systems contribute to
the development of chronic pain in SCD that is sustained over time. (Brandow et a/., 2015;
Darbari et al., 2015; Hillery et al., 2011; Kohli et al., 2010; Vincent et al., 2013) Patients
with SCD experience increased pain to thermal (cold, heat) stimuli compared to healthy
controls(Brandow et al., 2015; Brandow et al., 2013; Ezenwa et a/., 2016; Jacob et al., 2015;
O'Leary et al., 2014) and report features of neuropathic pain on validated screening
questionnaires. (Brandow et al., 2014; Ezenwa et al., 2016) Collectively, these data illustrate
the complex nature of sickle cell pain that probably includes inflammatory, neuropathicand
other aetiologies that ultimately drive the pain. Thus, the underlying neurobiology that
contributes to the development of acute pain or the transition to chronic pain is complex and
not well understood.

Substance P (SP), a neuropeptide encoded by the tachykinin, precursor 1 (7ACI) gene in
primary afferent neurons, is a primary pain neurotransmitter. (Harrison & Geppetti 2001;
O'Connor et al., 2004; Sacerdote & Levrini 2012) Chronic elevation of SP can sensitize
peripheral nociceptors resulting in mechanical and thermal hypersensitivity. Mechanical,
cold and heat hypersensitivity occurs in both mice and humans with SCD(Kohli et al., 2010;
Vincent et al.,, 2013; Zappia et al., 2014); however the mechanisms driving this
hypersensitivity are not known. In mice with SCD, SP is increased in skin(Kohli et al.,
2010), is associated with thermal hypersensitivity, and SP release is associated with
activation of mast cells. (Vang et al., 2015; Vincent et al., 2013) Furthermore, SP levels were
significantly reduced in these mice after treatment with cromolyn, imatinib or a nociceptin
receptor agonist. (Vang et al., 2015; Vincent et al., 2013) Only one published study evaluated
SP in humans with SCD (Douglas, 2008; Michaels et a/., 1998) and found that SP was
elevated at baseline and further increased during acute pain. However this study included
predominantly Caucasian controls and patient and disease-related factors that may impact
the variability of SP levels in patients with SCD were not evaluated in this study. In humans
with pain disorders other than SCD, higher plasma SP levels are associated with pain and
disease severity. Specifically, in patients with chronic migraines, SP levels are significantly
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higher in patients compared to controls and higher SP levels are associated with migraine
pain intensity. (Jang et al., 2011) Furthermore, in patients with complex regional pain
syndrome who suffer from both acute and chronic pain, SP levels are significantly elevated
in the affected and unaffected arm of patients compared to controls. (Schinkel et a/., 2006)
SP levels are also increased in patients with fibromyalgia and higher levels are associated
with increased pain in these patients. (Field ef al., 2002; Russell et al., 1994; Schwarz et al.,
1999; Stahl, 2009) The chronic widespread pain syndrome seen in patients with
fibromyalgia has some overlapping characteristics with pain in SCD patients. (Ramprakash
& Fishman 2015; Schlesinger, 2004) Chronic widespread pain is defined as pain that persists
for 3 or more months and occurs in both the axial skeleton and two or more contralateral
quadrants of the body. (Arnold et al., 2011; Wolfe et al., 1990) Together, these data support
the potential role of SP in SCD pain neurobiology.

The primary objective of this study was to evaluate plasma SP levels in patients with SCD in
baseline health compared to controls and in patients with SCD during acute vaso-occlusive
crisis pain compared to baseline. We hypothesized that patients with SCD in baseline health
have significantly higher SP levels compared to healthy African American controls. We also
hypothesized that SP levels significantly increase during acute pain in patients with SCD
compared to baseline levels. Our secondary objective was to determine patient- and disease-
related factors associated with SP levels in patients with SCD. Specifically, we investigated
the association between levels of SP and age, gender, prior pain history, markers of
haemolysis, and use of hydroxycarbamide (also termed hydroxyurea). We hypothesized
older age, female gender, history of more frequent painful events, increased markers of
haemolysis and use of hydroxycarbamide would be associated with increased SP levels in
patients with SCD.

Study setting and subjects

This prospective cohort study was conducted between 2013 and 2015. Study subjects
included children aged 7-19 years with SCD and healthy African American controls. All
SCD patients were recruited during a routine visit to the Wisconsin Sickle Cell Clinic or
during hospitalization for acute pain. A single consent was obtained for inclusion in both the
baseline health cohort and acute pain cohort. Consent was obtained via one of the following
methods: 1) Pre-consented during routine SCD clinic visits. If the child was hospitalized for
pain in the future, participation was affirmed at that time. 2) Within 48 h of hospitalization if
pre-consent was not obtained. Controls were recruited from siblings, parents/guardians,
relatives and friends of patients with SCD. After informed consent, patients and controls
were scheduled to return at a different date for baseline testing (baseline health cohort) or
were tested during future hospitalizations for acute pain (acute pain cohort).

Patients with SCD were eligible for the following two cohorts: 1) baseline health cohort
and/or 2) acute pain cohort. Controls were only assessed once. Inclusion and exclusion
criteria for these cohorts are subsequently outlined. SCD baseline health cohort. Inclusion
criteria: 1) aged 7-19 years and 2) SCD (all genotypes). Exclusion criteria: 1) other disease
resulting in pain phenotype (i.e., arthritis, chronic regional pain syndrome, etc.), 2) acute
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pain within 2 weeks of assessment, 3) any analgesics within 24 h of assessment, 4) overt/
silent stroke based on history and available neuroimaging and 5) receiving chronic
transfusions. SCD acute pain cohort. Inclusion criteria: 1) aged 7-19 years, 2) SCD (all
genotypes) and 3) hospitalized for acute pain. Exclusion Criteria: 1) other disease resulting
in pain phenotype, 2) overt/silent stroke based on history and available neuroimaging, and 3)
receiving chronic transfusions. For the purpose of the study, an acute pain crisis was defined
as a hospital admission with a primary diagnosis of pain where the patient was treated with
intravenous pain medication. All patients in the acute pain cohort received standard of care
for acute pain. Patients that were admitted for febrile episodes (fever 2101.5 °F) only
without pain were excluded. Patients with a haemolytic crisis only, defined as worsening
anaemia with compensatory reticulocytosis without pain were also excluded. Controls.
Inclusion criteria: 1) aged =7 years, 2) African American and 3) healthy. Exclusion Criteria:
1) other disease resulting in pain phenotype and 2) neurological disease (including stroke).

The Institutional Review Board of the Children's Hospital of Wisconsin approved the study.
Informed consent was obtained from the parent or legal guardian and assent was obtained
from the child when appropriate. Stipends were given for study completion and
compensation for transportation to the testing site was provided in the form of a taxi or gas
card.

Primary outcome

The primary outcome of the study was plasma SP level (pg/ml) measured in three cohorts: 1)
patients with SCD in baseline health (baseline health cohort), 2) patients with SCD during
hospitalization for acute vaso-occlusive crisis pain (acute pain cohort) and 3) healthy African
American controls. In order to provide supporting evidence for pain sensitization, plasma SP
levels were compared between healthy controls and patients with SCD in baseline health.
Furthermore, in order to determine the impact of acute pain on SP levels, plasma SP levels
were compared between patients with SCD in baseline health and during acute pain.

Measurement of SP levels

Covariates

Citrated whole blood was collected from each subject, centrifuged within 30 min and
platelet poor plasma stored in aliquots at —80°C. Plasma SP levels were determined using a
competitive enzyme-linked immunosorbent assay (ELISA) from Cayman Chemical (Ann
Arbor, MI). We found evidence for interference and therefore purified the samples using a
reverse phase C18 column prior to running the assay. Plasma samples were assayed in
duplicate and SP levels are reported in pg/ml.

In order to determine factors associated with SP levels, we investigated the following
covariates: age, gender, prior pain history, markers of haemolysis and use of
hydroxycarbamide. Our rationale for evaluating these covariates include published data that
increased pain sensitivity is associated with older age and female gender(Edwards &
Fillingim 2001a; Edwards & & Fillingim 2001b; Edwards et a/., 2003; Fillingim et al., 2009;
Paller et al., 2009; Riley et al., 1998) and history of frequent pain can impact pain perception
leading to increased pain sensitivity. (Hogeweg et al., 1995; Sethna et a/., 2007; Wollgarten-
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Hadamek et al., 2009; Zohsel et al., 2008; Zohsel et al., 2006) Furthermore, inflammation
and oxidative damage associated with haemolysis(Nur et af., 2011; Rother et al., 2005) can
lead to nociceptor sensitization and increased pain sensitivity. (Kim et al., 2004; Linley et
al., 2012; Nishio et al., 2013) Finally, hydroxycarbamide is an increasingly used front-line
medication to prevent sickle cell-related complications, including pain, and its use can be a
marker for more severe disease. Prior pain history was defined as total number of
hospitalizations and emergency department visits for pain over the lifetime of a patient as
obtained from the medical record and comprehensive SCD clinical database. The history of
pain events was adjusted for age. The markers of haemolysis included haemoglobin (Hb),
reticulocyte count, total bilirubin, lactate dehydrogenase (LDH) and aspartate
aminotransferase (AST). These laboratory values were obtained during baseline health and
the mean was taken of 3 individual assessments that were most proximal to the time the SP
level was obtained. The use of hydroxycarbamide was determined based on documentation
of prescription of the drug in the medical record.

Statistical analysis

Independent samples student's t-test was used to compare SP levels between: 1) SCD
baseline health cohort and controls and 2) SCD baseline health cohort and SCD acute pain
cohort. Paired t-test was used to compare differences in SP levels between individual
patients with SCD that were evaluated at both baseline health and during acute pain.
Multivariate linear regression analysis was used to determine the association between SP
levels and age, gender, prior pain history and hydroxycarbamide use in patients with SCD.
Spearman correlation was performed to determine the association between SP levels and
markers of haemolysis in the SCD baseline health cohort. Finally, in order to illustrate the
extreme values of SP levels in patients with SCD we determined the proportion of SCD
patients that had SP levels one standard deviation above the mean SP level of the control
group. Statistical significance was set at a p-value of 0.05. All analyses were conducted with
STATA version 11.2 (STATA, College Station, TX). All data were fully accessible to all
authors and analyses were done in collaboration with our biostatistical colleagues.

Results

Study population

Twenty-five patients with SCD in baseline health, 12 patients with SCD during acute pain,
and 35 African American controls completed the study. Controls were significantly older
than SCD patients in the baseline health cohort. There was no difference in the mean age of
SCD patients in the baseline health cohort compared to those in the acute pain cohort.
Gender between the same comparison groups did not differ. The remainder of the
demographic characteristics of the entire study population is shown in Table 1.

SP levels in patients with SCD and African American controls

Table Il displays the mean (standard deviation; SD) and range of SP levels in controls and
patients with SCD during baseline health and during acute pain.
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SP levels are significantly elevated in patients with SCD during baseline health compared
to healthy African American controls

The mean (SD) SP level of SCD patients in baseline health was almost 50% higher than
controls [32.4 (11.6) vs. 22.9 (7.6) pg/ml, £=0.0009] (Table Il and Figure 1). When controls
were restricted to patients less than 19 years of age (n=21) to better match the cohort of SCD
patients in baseline health, the significant elevation of SP levels in patients with SCD
persisted [32.4 (11.5) vs. 21 (7.1) pg/ml, P<0.0001].

SP levels significantly increase in patients with SCD during acute pain

The mean (SD) SP level was 2.4-fold higher in the SCD acute pain cohort compared to the
mean SP level in the SCD baseline health cohort [78.1 (43.4) vs. 32.4 (11.6) pg/ml,
P=0.004] (Table Il and Figure 1). A small cohort of patients with SCD (n=4) had paired
plasma samples obtained both at baseline health and during acute pain. Plasma SP levels
significantly increased in these paired samples despite this small cohort (Figure 2).

In order to illustrate the extreme values of SP levels in patients with SCD, we determined the
proportion of SCD patients in the baseline health and acute pain cohorts with SP levels that
were one full SD above the mean SP level in the control group as defined in the methods
above. (Varni et al., 2003) A SP level of 30.5 pg/ml was one full SD above the mean of the
control group. We found 44% (n=11) of patients in the SCD baseline health cohort and
100% (n=12) of patients in the SCD acute pain cohort had SP levels above this value.

Age, gender and prior pain history were not associated with SP levels in our SCD patients

Age and gender were not associated with differences in SP levels in patients with SCD in the
baseline health cohort (Table I11). Furthermore, prior pain history adjusted for age was not
associated with differences in SP levels in patients with SCD in the baseline health cohort
(Table I1I). Similarly, in the SCD acute pain cohort there was no association between SP
levels and age (B=1.25, P=0.801), gender (B=—29.22, £=0.41) or prior pain history (p=0.29,
P=0.85).

SP levels in patients with SCD in baseline health were strongly correlated with markers of
haemolysis

All markers of haemolysis were significantly correlated with plasma SP levels in the SCD
baseline health cohort (Table V). Importantly, haemoglobin was strongly negatively
correlated with SP and all other markers of haemolysis (i.e., reticulocyte count, total
bilirubin, LDH, AST) were strongly positively correlated with SP levels (Table 1V)
providing strong supporting evidence that increased haemolysis is associated with higher
levels of SP.

Patients taking hydroxycarbamide had significantly higher SP levels compared to those
not taking hydroxycarbamide

The majority (n=19, 76%) of patients with SCD in the baseline health cohort were taking
hydroxycarbamide. In our regression model compared to the reference group of SCD

Br J Haematol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brandow et al.

Page 7

patients not taking hydroxycarbamide, SCD patients taking the drug had SP levels that were
29.2 pg/ml higher (Table I11).

Discussion

We found that the neuropeptide SP is significantly increased in patients with SCD both in
baseline health and during an acute pain event. Increased SP levels were also strongly
associated with increased markers of haemolysis and the use of hydroxycarbamide.

SP is a primary neurotransmitter that transmits pain information to the spinal cord and the
central nervous system. (O'Connor et al., 2004) Thus, the significant elevation of SP in
patients with SCD during baseline health and the further increase during acute pain supports
existing data that the peripheral and/or central nervous system are sensitized in SCD
(Brandow et al., 2013; Hillery et al., 2011; Kohli et a/., 2010; Vincent et al., 2013)

Furthermore, the knowledge that SP is elevated in baseline health suggests that the levels are
chronically increased and thus could contribute to the development of peripheral and/or
central nervous system sensitization.

Several factors can activate and/or sensitize nociceptors directly or indirectly at the site of
tissue injury and induce the release of SP into the periphery. Once released from peripheral
endings of dorsal root ganglion neurons(O'Connor et al., 2004; Sacerdote & Levrini 2012),
SP acts at the Neurokinin 1 (NK1) receptor and induces neurogenic inflammation resulting
in vasodilation, oedema, and activation of lymphocytes, granulocytes, mast cells and
macrophages; all of which have NK1 receptors. (Geppetti ef a/., 2008; Harrison et al., 2001,
Sacerdote et al., 2012) These activated inflammatory cells produce cytokines (i.e.,
interleukins 1 and 6, tumour necrosis factor) that promote inflammation and pain. In turn,
these cytokines sustain the synthesis and release of new SP. Collectively, this cascade of
events creates a positive feedback loop and vicious cycle of neurogenic inflammation, pain
transmission, peripheral nerve sensitization and development of persistent or chronic
neuropathic pain. (Sacerdote ef al., 2012; Tang et al., 2007) Therefore, SP has both
neuromodulating and immunomodulating effects that could contribute to the development of
severe unrelenting pain in SCD. Interestingly, many inflammatory cytokines that are
involved in neurogenic inflammation are significantly increased in patients with SCD
compared to controls, and increase further during acute vaso-occlusive crisis. (Francis &
Haywood 1992; Keikhaei et al.,, 2013; Pathare et al., 2004; Sarray et al., 2015) Our data
support the need for further study into the downstream effects of chronic SP elevation in
baseline health and further SP elevation during acute pain. In addition, risk factors and
reasons for increased SP levels in patients with SCD require further investigation.

The role of SP in the pathophysiology of SCD pain has been studied in the murine model.
Increased levels of SP are present in the skin of SCD mice and SP is associated with thermal
hypersensitivity in these mice. (Kohli et al., 2010) SP is also shown to be a mediator of
neurogenic inflammation in SCD mice(Vincent et al., 2013) leading to thermal
hypersensitivity, suggesting the presence of pain sensitization that is probably sustained over
time. Furthermore, the thermal hypersensitivity is mediated by mast cell activation
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promoting SP release, leading to the positive feedback loop as discussed above. (Vincent et
al., 2013) Only one published study evaluated SP levels in humans with SCD. (Michaels et
al., 1998) This study included predominantly Caucasian controls and did not evaluate patient
or disease-related factors associated with elevated SP levels in patients with SCD. This
single study found increased SP levels in SCD patients at baseline compared to controls and
SP levels further increased during acute crisis. (Douglas, 2008; Michaels et al., 1998) Our
data corroborates these findings and expands these data. First, we included all African
American controls in our study. Race-matched controls are imperative in pain studies as data
support race and ethnic differences in pain sensitivity with African American people
displaying increased pain sensitivity. (Campbell et a/., 2005; Edwards ef a/., 2001; Edwards
& Fillingim 1999) In addition, we report novel findings including the strong associations
between higher SP levels and increased markers of haemolysis and the use of
hydroxycarbamide in patients with SCD.

SP levels were strongly correlated with all markers of haemolysis. We investigated this
association because the degree of haemolysis in SCD patients has been associated with a
variety of sickle cell-related complications. (Gladwin et al., 2004; Kato et al., 2007; Kato et
al., 2006; Rees et al., 2010; Reiter et al.,, 2002; Taylor et al., 2008) Although prior data
supports that increased haemolysis is associated with lower rates of health care encounters
for acute pain(Taylor et al., 2008), the role of haemolysis in the development of peripheral
and/or central nervous system sensitization is less clear. Data in models other than SCD
conceptually support a potential role of the downstream effects of haemolysis in the
development of peripheral and/or central nervous system sensitization. Thus, we present a
hypothetical mechanism for the relationship we found between haemolysis and SP levels.
Specifically, haemolysis is associated with release of cell-free plasma haemoglobin, which
in turn causes nitric oxide depletion. (Minneci et a/., 2005; Potoka & Gladwin 2015; Rother
et al., 2005) Nitric oxide depletion leads to oxidative stress and the development of free
radicals and reactive oxygen species. (Rother et al., 2005) Oxidative stress and reactive
oxygen species can lead to peripheral and/or central nociceptor sensitization and chronic
neuropathic pain. (Kim et al,, 2004; Nishio et al,, 2013) Chronic nociceptor sensitization can
lead to increased release of SP(Kim et al., 2004) and SP can, in turn, cause the release of
more reactive oxygen species leading to further nociceptor sensitization. In support of our
hypothesis, it has been shown that both SP and reactive oxygen species are elevated in the
spinal cords of sickle cell mice and administration of curcumin and Coenzyme Q10 (CoQ10)
to these mice led to decreased SP levels and reduced pain sensitivity. (Valverde et al., 2016)
These data support the role of reactive oxygen species in nitric oxide depletion secondary to
haemolysis in SCD leading to elevation of SP and that release of SP is not necessarily
limited to the periphery. In further support of nitric oxide depletion leading to increased SP
release, published data reveal that nitric oxide depletion leads to increased activation of mast
cells. (Brooks et al., 1999) As outlined above, increased mast cell activation is associated
with increased SP levels and markers of peripheral and/or central nervous sensitization in the
sickle cell murine model. (Vang et al., 2015; Vincent et al., 2013) Therefore, further
investigation into the association between higher SP levels and increased markers of
haemolysis in SCD patients is warranted.
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The significant increase of SP during acute pain could have implications for the diagnosis of
acute pain in patients with SCD. Due to the known role of SP as a primary pain
neurotransmitter, SP could potentially serve as a biomarker for pain in SCD patients. To
date, a biomarker for SCD acute pain has not been established. A biomarker could be useful
for determining the onset of an acute pain event and could assist with determining severity
and resolution of an acute pain event. SP could also potentially be used as a screening
marker for pain sensitization. A pain biomarker would also be useful as an endpoint in
clinical trials targeted at the treatment of pain and for validating other patient-centred
outcome measures in patients with SCD. Further longitudinal work is needed to establish SP
as a pain biomarker including evaluation of levels post-hospital discharge, longitudinally
over time, and investigating the association between SP and chronic pain.

Our data could have implications for the development of novel treatments for sickle cell
pain. The significant elevation of SP during acute pain suggests that decreasing SP
production or SP receptor (NK1) blockade could be novel treatment approaches(Douglas,
2008). SP receptor antagonists (NK1 receptor antagonists) improve pain sensitivity measures
in animal models. (Dionne ef al., 1998; Greenwood-Van Meerveld et al., 2014; Zheng et al.,
2013) A single study in mice with SCD found that indirect decrease in SP production led to
improved pain sensitivity. Although not targeted directly at the SP receptor, the compound
used in this study targeted the Nociceptin Receptor and ameliorated mast cell activation and
led to decreased SP release and improved pain. (Vang et al.,, 2015) In addition, imatinib, a
mast cell inhibitor, has also been shown to reduce SP levels and pain in sickle cell mice.
(Vincent et al., 2013) These data further support the consideration for human trials of
compounds targeted at SP as novel SCD pain treatments. Existing therapies that mediate SP
release could also have a role in SCD. Gabapentin can reverse SP-induced thermal
hypersensitivity in a mouse model of pain. (Partridge et a/., 1998) In patients with
rheumatoid arthritis, etanercept resulted in decreased serum SP levels and pain with the
probable mechanism of interrupting the interplay between SP and neurogenic inflammation.
(Origuchi et al., 2011) In conclusion, our data support further investigation of drugs that
cause SP receptor blockade or decrease SP production as novel treatments for SCD pain.

Contrary to our hypothesis, prior pain history was not associated with increased levels of SP.
The reason for this in unclear, however, hospitalizations and emergency department visits
are a poor marker for the amount of pain that patients with SCD experience. (Dampier et al.,
2002; Smith et al., 2008; Wang, 2002) Measures of healthcare utilization also do not
phenotype the type of pain (i.e., neuropathic vs. non-neuropathic) that patients are suffering
from. Thus, the conclusion that SP levels are not associated with pain history should be
interpreted with caution. Chronic elevation of SP may be a better marker of chronic pain
(Lisowska et al., 2015) that is often managed at home and this was not assessed in our study.

Interestingly, patients in the baseline health cohort that were taking hydroxycarbamide had
significantly higher levels of SP compared to patients not taking the drug. These data
suggest that SP may be a marker for more severe SCD and more frequent pain as criteria for
initiating hydroxycarbamide in this cohort included frequent pain that occurred both at home
and in the hospital. Furthermore, since this was a cross-sectional study, we do not know
what the deleterious effects that chronically elevated SP have on patients with SCD. Thus, a
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longitudinal study would be important to determine the impact of chronically elevated SP
levels on the development of disease manifestations in patients with SCD.

Limitations

Our study is limited in that the majority of SCD patients were not sampled at both baseline
and during acute pain. Due the intermittent nature of acute pain exacerbations in SCD
patients, it was not feasible to obtain only paired samples although the small subset analysis
we completed of the paired samples confirmed our findings from the larger independent
cohort analyses. Furthermore, from our data it is unclear if the elevation of SP is a cause or a
result of SCD pathology. Longitudinal work needs to be done to obtain supporting data to
answer this question. The limitations of using health care utilization as a marker for prior
pain were discussed in detail above. Our controls were significantly older than our patients,
however, our analyses revealed age had no impact on SP levels thus this age difference is
unlikely to have affected our results. Furthermore, our subset analysis that restricted controls
to <19 years of age to match our SCD patients revealed the significant elevation in SP levels
persisted. The origin of the increased release of SP in the plasma is not currently known. We
measured SP in the plasma as this was the most feasible place to measure this neuropeptide
in humans, however, future work should include investigating the primary origin of SP
release to better understand the pathophysiology. Finally, we were unable to determine the
effect of opioids on levels of SP during acute pain as it would be unethical to conduct this
study without the administration of opioids to patients with SCD suffering from acute pain.

Conclusions

Significantly elevated SP levels in patients with SCD during baseline health compared to
controls suggest that SP may be a mediator of, or marker for, pain sensitization. SP levels
further increase during acute pain suggesting SP also plays a role in mediating or marking an
acute pain event. The downstream effects of chronically increased levels of SP on the
development and propagation of pain in patients with SCD warrant further investigation. SP
levels were strongly correlated with all markers of haemolysis. The reason for this strong
relationship warrants further investigation. Ultimately, SP could differentiate those at risk for
pain sensitization and could be used as a novel biomarker for acute pain and resolution of a
painful event. Ultimately, compounds aimed at decreasing SP levels may be a target of novel
treatments for SCD pain.
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Figure 1. Differencesin substance P L evels between controls, SCD patientsin baseline health and
SCD patients during acute pain

Mean plasma substance P levels (pg/ml) were compared using independent samples
student's t-test between three cohorts. Substance P levels were significantly higher in sickle
cell disease (SCD) patients in baseline health compared to African American controls and
were also significantly higher in SCD patients during acute pain compared to SCD patients
during baseline health.
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Figure 2. Individual SCD patientswith paired substance P levels measured at baseline and
during acute pain

A subset (n=4) of sickle cell disease patients had substance P levels measured both at
baseline and during acute pain as represented by the four different lines and in the table.
Substance P levels increased during acute pain in each patient and this increase was

significant using paired t-test.
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Table |

Demographic, clinical, and laboratory characteristics of subjects

Variable | Controls (n=35) | SCD Baseline (n=25) | SCD Acute Pain (n=12)
Age (years) (Mean =+ standard deviation) | 21.5 (12.5)* | 11.8 (3.8)** | 12.1 (3.5)*
Gender: Female | 22 (62.9) | 17 (68%) | 8 (66.7)
Genotype

HbSS 17 (68%) 8 (66.7%)

HbSC N/A 6 (24%) 3 (25%)

HbSpB+thal 2 (8%)

Other 1(8.3%) SO Arab
Hydroxycarbamide use: yes | N/A | 19 (76%) | 3(25%)
Prior Pain History** (Median, IQR) | N/A | 5(1-10.5) | 8 (2-12.25)
Laboratory values (Median IQR)

Hb (g/1) 97 (86-114)

Reticulocytes (%) 7.7 (3.5-10.5)

N/A N/A

Total bilirubin (umol/1)
Lactate dehydrogenase (iu/l)

Aspartate aminotransferase (u/l)

22.2 (13.7-44.5)
885.5 (512.3-1281.5)
46 (35.3-78.3)

IQR, interquartile range; N/A, not applicable; SCD, sickle cell disease.
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Table Il

Substance P levels in controls and SCD patients at baseline and during acute pain
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Controls (n=35)

SCD Baseline (n=25)

SCD Acute Pain (n=12)

Mean (SD), pg/ml

22.9 (7.6)

32.4(11.6)

78.1 (43.4)

Range, pg/ml

12.2-38.34

16.3 - 60.16

34.57 - 152.28

SCD, sickle cell disease; SD, standard deviation.
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Sickle cell disease baseline cohort: associations between substance P levels and age, gender, prior pain history

and hydroxycarbamide use (n=25)

Hydroxycarbam ide#

Covariate B * P-value
Age -0.58 0.36
Gender 0.49 0.93
Prior pain history 0.30 0.52
29.2 0.007

*
Multivariable linear regression

#reference group is hydroxycarbamide “no”
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Sickle cell disease baseline cohort: associations between substance P levels and markers of hemolysis

Laboratory Value r * P-value
Haemoglobin (n=22) —-0.7 | 0.0002
Reticulocyte count (n=22) 0.61 | 0.0016
Total Bilirubin (n=11) 0.68 | 0.0216
Lactate dehydrogenase (n=12) 0.62 | 0.0332
Aspartate aminotransferase (n=17) | 0.68 0.003

*
Spearman correlations
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