





Figure 4  Patients with fibromyalgia (FM) have higher perceived stress, increased oxidative stress and discriminative LPC expression in plasma.

(A) Left, psychological stress levels in FM patients (n=31) and healthy controls (HCs) (n=30) as assessed by the Perceived Stress Scale-10 (PSS-10)
(unpaired t test). Right, plasma malondialdehyde (MDA) level assayed by the thiobarbituric acid reactive substances (TBARS) method in FM patients
and HCs (unpaired t test). (B) Score plot of principal component analysis based on lipidomic analysis of plasma from FM patients and HCs. (C) Score
plot of orthogonal partial least squares discriminant analysis (OPLS-DA) distinguishing FM and HC groups based on plasma lipidomic profiling
(R*Y=0.593, Q%=0.149). (D) S-plot of OPLS-DA and the differentiating metabolites identified for FM (marked with red colour). (E) Box-and-whisker
plots of discriminative lipids for FM and their fold change in peak intensity (Mann-Whitney test). Whiskers represent minimum and maximum values.
(F) Correlation matrix between lipid expression of peak intensity and FM symptom measures (VRS and FIQR Scores) in the HC and FM groups
(Spearman’s rank correlation test). Spearman correlation coefficients are labelled in each cell. FIQR, the Revised Fibromyalgia Impact Questionnaire;
VRS, Verbal Rating Scale of pain. Data are mean+SEM. *p<0.05, **p<0.01, ***p<0.001 compared with HC. For complete statistical analyses, please
refer to online supplemental results. cer, ceramides; LPC, lysophosphatidylcholine; PCs, phosphatidylcholines.
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online supplemental table S4). The identified lipids were mainly
various LPCs as well as PCs and Cer.

OPLS-DA was next used to identify the most discriminative
metabolites for disease (figure 4C,D). Among the 14 identified
targets, nine showed a significant increase in peak intensity
based on fold-change analyses (figure 4E). We evaluated whether
the metabolite phenotypes were associated with clinical manifes-
tations and found pain scores from Verbal Rating Scale (VRS)
and disease severity assessed by the Revised Fibromyalgia Impact
Questionnaire (FIQR) correlated with the peak intensity expres-
sion of the identified lipids (figure 4F). We found no distinct
positive correlation between lipid expression and symptoms in
HCs, but modest correlation between LPC16:0 and pain inten-
sity in patients with FM.

To investigate whether a metabolomic phenotypic differ-
ence exists within patients with different disease severity, we
used K-means cluster analysis to further divide the cohort into
two subgroups based on disease severity assessed by the FIQR
(figure SA). The resulting FM subgroups did not differ in sex or
age (online supplemental table S5). Overall FIQR Scores were
significantly higher in cluster 2 than cluster 1 (70.65=11.46 vs
41.49+8.90), as were scores on all the FIQR domains (daily
functions, overall impact and symptom intensity). Moreover,
cluster 2 manifested significantly higher pain intensity and wider
pain distribution than cluster 1 (figure 5B). Hence, cluster 2
was classified as the group with severe symptoms (FM-S), and
cluster 1 with mild symptoms (FM-M). Of note, the FM-S group
had significantly higher oxidative stress levels than HCs, with
no significant difference observed between the FM-M and HC
groups (figure 5C). We next compared lipidomic expression of
the identified lipids between subgroups (figure 5D). In accor-
dance with the biological gradation of disease severity, the HC,
FM-M and FM-S groups showed an increasing trend of peak
intensity expression of all identified metabolites except PC36:0.
To evaluate whether the metabolite expression was associated
with symptom severity and to compare the presentation of
groups, we assessed the correlations between symptom measures
(VRS and FIQR Scores) and expression of peak intensity
(figure SE and online supplemental figure S7A,B). In the FM-M
group, LPC20:4 expression was positively correlated with FIQR
Score, with no correlation of other metabolites with clinical
parameters. By comparison, the expression of several metab-
olites in the FM-S group showed fair correlation with clinical
symptoms. FM-S patients with higher expression of LPC16:0,
LPC18:1, LPC22:6 and Cer(d18:1/22:0) showed higher disease
severity as indicated by FIQR Score. Also, those with higher
expression of LPC16:0 and Cer(d18:1/22:0) had higher VRS
Score. Moreover, the expression of LPC16:0 in FM-S patients
was significantly correlated with VRS Scores, which suggests that
LPC16:0 might participate in the pain phenotype modulation
(figure SE).

DISCUSSION

Our animal model provides direct experimental evidence that
psychological stressors can have a causative role in generating
chronic hypersensitivity. Our study also identified a possible
pathophysiology of the stress-induced pain with evidence span-
ning molecular, pharmacological, behavioural and clinical levels
in mouse stress models and clinical cases. Peripheral nociceptive
activation triggered by an oxidised lipid, LPC16:0, after stress
exposure generates the stress-induced chronic non-inflammatory
pain (figure 6). With clinical lipidomic approaches, we validated
that FM patients exhibited excess expression of LPC16:0, which

was correlated with pain symptoms in those with increased
oxidative stress and high disease severity. Taken together, exces-
sive expression of LPCs can be detected by clinical lipidomics
and is correlated with pain severity in FM patients with increased
oxidative stress and symptom severity, as predicted by our mouse
model. In this sense, the products of lipid oxidisation, especially
LPC16:0, might be a pathological signature and a therapeutic
target for FM.

Our findings suggest that LPC16:0 mediates RISS-induced
chronic hyperalgesia by activating ASIC3. Under excessive
oxidative states, LPCs are aberrantly generated from ox-PCs
by PAF-AH catalyzation or spontaneous deacylation.” 3! The
exclusive production of LPC16:0 after lipid oxidisation prob-
ably results from the substrate specificity of PAF-AH for palmitic
acid (C16:0)-containing ox-PCs.** The abundance of palmitic
acids in the fatty acid composition of plasma phospholipids
may also contribute to this result.”> Underpinning the role of
LPC16:0 in the pathogenesis of the stress-related pain disorders
is the concordant findings from our clinical investigations and
the past clinical lipidomic reports.”* # The clinical lipidomic
evidence strengthens the face validity of our model, and also
helps to support the bio-significance of LPC16:0 in the clinical
conditions.

LPCs are known to trigger various signalling pathways. In
addition to ASIC3, LPCs also activates G-protein-coupled
receptors.’® Besides, lysophosphatidic acids (LPAs), the direct
downstream metabolites of LPCs, are known potent nociceptive
substances capable of activating various LPA receptors as well as
TRPV1 (transient receptor potential cation channel subfamily V
member 1).2” % The acute hypersensitivity observed in Asic3™/~
mice suggested that the nociceptive responses induced by
LPC16:0 are not exclusive to ASIC3, but likely involve other
ASIC3-independent mechanisms.

We demonstrated that darapladib, a PAF-AH inhibitor, can
effectively attenuate the RISS-induced chronic hyperalgesia.
Darapladib was originally designed for antiatherogenic purpose
by blocking LPC synthesis.*' Since PAF-AH mediates both PAF
degradation during inflammation and LPC synthesis during lipid
oxidisation, darapladib may have dual but opposite roles in the
nociceptive process depending on the situation.’’ Darapladib
was less likely considered for analgesic purposes, given that PAF
is a potent inflammatory mediator, and thus inhibiting its hydro-
lysis could aggravate nociceptive responses.’® However, under
oxidative but non-inflammatory conditions, such as RISS, our
study indicated that darapladib has a predominantly antinoci-
ceptive role by preventing LPC generation.

One major unanswered question in this study is that the
upregulation of LPC16:0 and the correlations between LPC
expression and symptom severity were observed only in part of
the FM patients (FM-S). In those without oxidative stress who
manifested minor symptoms (FM-M), the LPC upregulation
and clinical relevance were indistinct. Such a clinical divergence
may result from patient heterogeneity, because FM is commonly
considered a group of diseases rather than a single disease.
Other mechanisms may also mediate the stress-related chronic
non-inflammatory pain, and the behavioural and metabolomic
scenario of RISS mice may only represent part of the disease
phenotypes. Another possibility is that the timing of metabolic
sampling causes this clinical divergence. In the RISS model, the
expression of excessive oxidative stress and LPC16:0 upregula-
tion was observed only in the first few days after stress exposure,
but the pain behaviours were observed for much longer (5 weeks).
Given that the LPC16:0-induced priming effects and pain sensi-
tisation are completed in the early stage of pain processing, the
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Figure 5  Expression of LPC16:0 and other lipids are correlated with FM symptoms in patients with increased oxidative stress and high disease
severity. (A) Subgrouping FM patients based on disease severity by cluster analysis. Patients were classified into two subgroups (cluster 1 and 2)
based on FIQR Score with K-means cluster analysis. FIQR Scores were higher in cluster 2 (n=12) than cluster 1 (n=19). Patients of cluster 2 were thus
designated as the group with severe symptoms (FM-S), and those of cluster 1 with mild symptoms (FM-M) (unpaired t test). (B) Left, pain intensity
assessed by Verbal Rating Scale (VRS; 0—-10) among the HC (n=30), FM-M (n=19) and FM-S (n=12) groups. Right, extent of pain diffuseness assessed
by Widespread Pain Index (WPI; 0-19) (one-way ANOVA). (C) Left, psychological stress levels among HC, FM-M and FM-S groups as assessed by
the Perceived Stress Scale-10 (PSS-10). Right, plasma malondialdehyde (MDA) level assayed by the thiobarbituric acid reactive substances (TBARS)
method (one-way ANOVA). (D) Box-and-whisker plots of peak intensity and fold change of lipid expression in the FM-M and FM-S subgroups versus
HCs (Kruskal-Wallis test). (E) Correlation matrix between lipid expression of peak intensity and clinical symptom measures (VRS and FIQR Scores)
(Spearman’s rank correlation test). Spearman correlation coefficients are labelled in each cell. Statistical details and scatter plots were presented in
online supplemental figureS7A,B. Data are mean+SEM *p<0.05, **p<0.01, ***p<0.001 compared with HC (A-D) or with significant relevance (E).
#p<0.05, ###p<0.001 comparing FM-S with FM-M. For complete statistical analyses, please refer to online supplemental results. cer, ceramides; FIQR,
the Revised Fibromyalgia Impact Questionnaire; FM, fibromyalgia; HC, healthy control; LPC, lysophosphatidylcholine; pc, phosphatidylcholine.
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Figure 6 Schematic presentation of the mechanisms of repeated
and intermittent sound stress (RISS)-induced chronic hyperalgesia.
RISS inflicts excessive oxidative stress and lipid oxidisation, thus
resulting in ensuing production of lysophosphatidylcholine (LPC) 16:0
via platelet-activating factor acetylhydrolase (PAF-AH) catalyzation
or spontaneous deacylation of ox-PCs. LPC16:0 accordingly evokes
nociceptive responses and causes chronic hyperalgesia by activating
the acid-sensing ion channel 3 (ASIC3) in muscle tissue. By reducing
LPC generation, PAF-AH inhibitor may thus be beneficial in the
stress-related pain disorders, such as fibromyalgia. Ox-PCs, oxidised
phosphatidylcholines; PCs, phosphatidylcholines; ROS, reactive oxygen
species. WBC, white blood cell.

presence of LPC16:0 stimulus is not necessary for maintaining
the pain manifestation. Take RISS mice at P14 for example: the
pain behaviours remained robust after stress, whereas the incre-
mental changes of MDA and LPC16:0 levels were long gone. In
this context, the increasing expression of MDA and LPC16:0
and the correlation between LPC expression and pain pheno-
types may not be necessarily detectable in FM patients who
currently sustain pain symptoms. Such a prediction can be also
applied to the inconsistent results of previous FM studies investi-
gating MDA levels.”*” In this sense, MDA levels may help better
identify a subset of FM patients who are amenable for PAF-AH
inhibitor therapy to prevent LPC synthesis.

In animal research, the chronic hyperalgesia induced by RISS
exposure or repeated LPC injection were significantly abolished
in Asic3”" mice, which suggests the critical role of ASIC3-
containing channels in the chronic pain development. In clin-
ical situations, whether ASIC3 activation participates in the FM
development remains undetermined. Clinical research did not
suggest a genetic difference in ASIC3 expression between cases
and controls.”® However, the pain phenotype modulation may
depend mainly on the metabolomic expression of LPCs rather
than ASIC3 expression. ASIC3 has been linked to various pain
disorders besides FM in other experimental models, which
suggests that its activation may be not unique to the presentation
of FM. Although ASIC3 played a key role in the development of
stress-induced FM-like pain in our study, its actual pathophysio-
logical association with FM requires future investigation.

Chronic widespread pain is maintained in part by central
sensitisation, and FM is commonly considered a central pain
disorder.” Of note, peripheral inputs may also contribute to
central sensitisation development.®” Our study indicates that the
peripheral nociceptive activation triggered by LPC16:0 plays an
important role in RISS-induced chronic hypersensitivity, which
denotes that the development of stress-induced chronic hyperal-
gesia cogently involves peripheral inputs. Apart from the periph-
eral factors, central sensitisation following peripheral nociceptive
activation also participated in the chronification of RISS pain, as
suggested by the increased immunoreactivity of pERK and c-fos
in the spinal cord. Additionally, although the pain generation
solely depends on the peripheral mechanism in the LPC injection

model, the contributing components of peripheral and central
factors in the RISS model could be another situation. Unlike
the exclusive contribution of peripheral factors in the LPC16:0-
injection model, stress-related psychological factors may also
affect central neural modulation and pain processing during the
development of RISS pain. The central mechanism of RISS pain
should be further investigated, including the involved nocicep-
tive pathways and neuropsychiatric interaction.

We found that repeated intramuscular but not intraplantar
LPC injection caused chronic hyperalgesia, so the priming-like
effect mainly relies on the muscle afferents. This phenomenon
may be ascribed to the higher ASIC3 expression in muscle than
skin nociceptors.*® We also found that RISS dominantly acti-
vated pERK in small diameter DRG neurons (figure 2), which
suggests that the small fibre neurons mediate the RISS pain
rather than those with large myelinating nerves. This finding
agrees with the clinical findings of C-fibre dysfunction identi-
fied in FM.' This particular phenomenon may also explain the
diffuse character rather than distinct spatial localisation in FM
pain.” Furthermore, small fibre neuropathy has been reported in
some FM cases.” In our model, the negative immunoreactivity
of ATF-3 in the DRG neurons did not suggest nerve injury in
RISS mice. However, the possibility of neuropathy in the fibre
endings cannot be ruled out without comprehensive histopatho-
logical inspection. Future studies focusing on the histopathology
of nerve fibres and microneurography may be required.

In this study, we chose the injected dosage of LPC16:0
(4.8 nmol; 480 uM) according to a previous report to test its
biological effect,”® whereas the measured levels of LPC16:0 in
RISS mice at PO were relatively lower (~20uM; figure 3H).
Considering the small injection volume (10 pL), drug diffusion in
the interstitial space of the hindlimb (~200 uL) can cause consid-
erable dilution.*’ ** Also, transcapillary movement and removal
by blood circulation can also affect the drug concentrations after
injection. Besides, the peak concentrations of LPC16:0 during
the RISS challenges should be higher than what we can measure
at P0. In consideration of these factors, the injected dose of LPCs
may be reasonably relevant to the circulating concentration as
measured in stressed mice.

In the RISS study, we observed upregulation of numerous
lipids other than LPC16:0 at P0O. Given the limited availability
of standard compounds, a comprehensive quantitative analysis
or a behavioural test to validate their biological effects in vivo
cannot be conducted for all the identified lipids. Therefore,
the pathogenic metabolite may not be limited to LPC16:0 but
also possibly includes other undetermined lipids. Furthermore,
other types of metabolites generated with ROS other than
lipids may also induce allodynia. Likewise, in clinical lipidomic
profiling, the potential pathogenic substances may not be limited
to LPC16:0 but could include other lipids, given that various
other lipids also showed significant incremental changes and fair
correlation with clinical presentations, such as LPC18:1, LPC
22:6 and cer(d18:1/22:0). Although correlations with statistical
significance were observed only between LPC16:0 and VRS
Score, the small sample size of FM subgroups may limit the
significance level of these tests despite their fair correlation coef-
ficients. Also, the use of metabolite peak intensity rather than the
quantitative data for analysis may weaken the interpretation of
clinical relevance. Future clinical research with large sample size
and quantitative validation is warranted to evaluate the biolog-
ical significance of these potential targets identified in the study.

Other limitations exist in this study. Although we observed
biochemistry and lipidomic findings in both RISS mice and
patients in this study, most of the mechanisms were investigated

Hung C-H, et al. Ann Rheum Dis 2020;0:1-13. doi:10.1136/annrheumdis-2020-218329

"

yBuAdoo Aq paroalold 1sanb Aq 0Z0Z ‘GZ 1290100 UO Jwod g pae//:dny woly papeojumod "0Z0z 1aqwa1das 6 Uo 6288T2-0202-SIpWnayuue/9sTT 0T S paysignd 1siy :SIg wnayy uuy


http://ard.bmj.com/

only in mice. To validate the pain mechanism in humans, further
longitudinal observational research is needed to investigate the
temporality and interaction among perceived stress, LPC levels
and pain presentation in individuals. Also, a clinical interven-
tional study with pharmacotherapeutic trials of PAF-AH inhib-
itor will help to validate the mechanism identified in our animal
model. Additionally, the development of FM depends not just
on environmental factors but also on the genetic vulnerability of
the individual.!® Therefore, the stress—-LPC—diathesis interaction
should be further investigated. In addition, although darapladib
or ROS scavengers competently reduced serum LPC16:0 levels
and rescued chronic hyperalgesia, we cannot definitely rule out
whether these drugs affect other targets and involve different
antinociceptive pathways. Furthermore, the source of oxidative
stress under RISS may be not confined to the overabundance
of ROS in immune cells. So far, the underlying mechanisms
that connect the perceived stress to cellular oxidative effects
remain less understood, and several putative pathways proposed
to explain the phenomenon, include mitochondrial dysfunc-
tion."” 2° 22 Despite these limitations, our study demonstrates the
biological plausibility for how the psychological stressors trans-
late into the somatic pain process, thereby indicating a new ther-
apeutic approach for FM.
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