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1 | INTRODUCTION

Abstract

Chronic inflammation pain is a debilitating disease, and its mechanism still remains
poorly understood. This study attempted to illuminate the metabolic mechanism of
chronic inflammation pain induced by complete Freund’s adjuvant (CFA) injection,
especially at spinal level. The chronic inflammation pain model was established by
CFA administration. Behavioral testing including mechanical allodynia and
thermal hyperalgesia was performed. Meanwhile, a liquid chromatography-mass
spectrometry-based metabolomics approach was applied to analyze potential meta-
bolic biomarkers. The orthogonal partial least squares discrimination analysis mode
was employed for determining metabolic changes, and a western blot was performed
to detect the protein expression change. The results showed that 27 metabolites
showed obviously abnormal expression and seven metabolic pathways were signifi-
cantly enriched, comprising aminoacyl-tRNA biosynthesis, arginine and proline
metabolism, histidine metabolism, purine metabolism, phenylalanine, tyrosine and
tryptophan biosynthesis, glutathione metabolism, and phenylalanine metabolism.
Meanwhile, the results showed that the expression of arginase | and nitric oxide
levels were elevated in the CFA group compared with the control group, while the
argininosuccinate synthetase and argininosuccinatelyase proteins were not signifi-
cantly different between the groups. These findings demonstrate that metabolic
changes of the spinal cord may be implicated in neurotransmitter release and pain

conductivity following CFA administration.
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American adults (Dahlhamer et al., 2018; Tsuiji et al., 2019). Generally,

patients with chronic pain have symptoms of anxiety and depression,

Chronic pain results in dramatic decline in life quality, substantial med-
ical expenses and a massive economic burden (Henderson &
Keay, 2018). Survey data demonstrate that the prevalence of chronic
pain ranges from 13.5 to 47% globally, and afflicts at least 50 million

poor concentration and irritability (Gureje, Von Korff, Simon, &
Gater, 1998). Some research shows that patients with chronic
pain have multiple inflammatory and neuropathic conditions

(Finnerup, 2013). Additionally, chronic inflammation pain, as one type
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of chronic pain, is attracting growing interest from clinicians and
scientists. A previous study documented that chronic inflammation
pain was derived from chemical stimuli, tissue damage or autoimmune
processes. These stimuli directly caused the release of inflammatory
mediators comprising prostaglandins, histamine and neurogenic
factors, and elicited a series of chain reactions, thereby contributing
to pain sensation by stimulating the peripheral afferent fibers (Kidd,
Photiou, & Inglis, 2004). The potential mechanism regarding the
chronic inflammation pain has been extensively investigated. Yet, it is
of great importance in the clinical practice, while its pathogenesis has
not been clarified comprehensively.

More recently, systems biology strategies such as metabolomics
have been widely applied in medical fields to investigate the patho-
genic mechanism, which facilitated the development of novel bio-
markers for disease diagnosis and therapy (Hocher & Adamski, 2017,
Yang et al., 2018; Zhang et al., 2018). Metabolism is a complex
dynamic process including generating energy and producing macro-
molecules for sustaining cell growth and survival (Patti et al., 2012).
Metabolites are downstream molecules of gene transcription and
translation processes, which are closely correlated to the disease
phenotype (Lains et al., 2019). Metabolic shift is identified as a
hallmark of disease, and provides a noninvasive method to monitor
the disease progress (Ohman & Forsgren, 2015). Furthermore, emerg-
ing evidence has revealed the relationship between inflammatory and
metabolic dysregulation (Jha et al., 2015; Jiang et al., 2016; Palomer,
Salvado, Barroso, & Vazquez-Carrera, 2013). A previous study rev-
ealed that aberrant metabolism may be involved in triggering inflam-
matory cascade reactions (O'Neill & Hardie, 2013). Notwithstanding,
there are no adequate data to uncover the role of metabolism alter-
ation in chronic inflammation pain. Therefore, the complete Freund’s
adjuvant (CFA) model was established to investigate the potential
mechanism for chronic inflammation pain in this study. Moreover, a
metabolomics method was employed to analyze the changes in spinal
metabolites. Interestingly, our results indicated that certain metabolic
pathways were obviously enriched in the chronic inflammatory
process, and these findings may provide new perspectives for com-
prehending the underlying mechanism of chronic inflammation pain.

2 | MATERIALS AND METHODS

21 | Animals

All experiments were performed on 8-12-week-old male C57BL/6
mice purchased from Shanghai SLAC Laboratory Animal Co. Ltd. For
experiments, mice (20-35 g) were housed four or five per cage at con-
stant room temperature (25 + 1°C) and relative humidity (50 + 5%)
under a 12 h light/dark schedule (lights on 07:00-19:00); food and
water were available ad libitum. For behavioral tests, the mice were
allowed to adapt to laboratory conditions for about one week and to
habituate to the testing situation for at least 15 min before experi-
ments. The Animal Care and Use Committee of Zhejiang University

approved all of the mouse protocols (approval no. 11978).

2.2 | CFA-induced chronic inflammation pain

Animals were randomly divided into two groups as follows: (a) a con-
trol group, injected with 10 pl saline (n = 10); and (b) a CFA group,
injected with 10 pl 50% CFA in saline (n = 10). Chronic inflammatory
pain was induced by administration of CFA as described previously
(Pan et al., 2014). Briefly, an emulsion containing 10 pl of CFA with
saline (proportion 1:1) was injected into the left posterior plantar of
mice (n = 10). The control group received the same procedure with
saline (Y. Liu et al., 2017b). Mice were allowed to acclimatize to the

home cage and environment.

2.3 | Behavioral testing

2.3.1 | Mechanical allodynia

Mice were placed in individual black wood boxes without a bottom
and allowed to acclimatize for at least 30 min to quantify the mechan-
ical sensitivity of the hindpaw according to the previous literature
(Chaplan, Bach, Pogrel, Chung, & Yaksh, 1994). Mechanical paw with-
drawal threshold in response to the stimulation of von Frey filaments
was measured using the “up-down” method (Chaplan, Bach, Pogrel,
Chung, & Yaksh, 1994). Filaments were applied to the plantar surface
of left hindpaw until they bent. A quick withdrawal or shaking of the
stimulated paw or biting or licking of the paw was regarded as a posi-
tive withdrawal response, while other responses were regarded as a
negative withdrawal response. A positive withdrawal response was
followed by the application of a lower force filament and vice versa
for a negative response until a change in behavior occurred (Zhao,
Hiraoka, Ogawa, & Tanaka, 2018). The test started with the applica-
tion of a 0.16 g filament. Every trial was repeated three times at
~2 min intervals. According to the method described by Dixon, the
50% paw withdrawal threshold was calculated based on this

assessment.

2.3.2 | Thermal hyperalgesia

To assess thermal hyperalgesia, mouse paw withdrawal latency (PWL)
was measured using radiant heat (Bao et al., 2014; Bao et al., 2015).
Mice were placed individually in plastic cages and allowed to acclima-
tize at least for 30 min. Each left hind paw received at least three
stimuli with a 10 min interval between, and the average of the three
values was defined as the PWL. The heat was maintained at a constant

intensity and the cut-off time was set to 21 s to prevent paw damage.

2.3.3 | Sample preparation
Animals were anesthetized with 3% isoflurane on day 7 after CFA
administration. Then these mice were sacrificed through decapitation.

A laminectomy of L4-6 was carried out, and the spinal cord tissues
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were exposed. Complete incision of L4-6 was performed and the
intervening tissue was removed. Thereafter, the spinal cord was
removed and stored in a liquid nitrogen box immediately for

future use.

2.34 | Metabolite extraction

In brief, the spinal cord tissue was homogenized in 1,500 ul methanol
with water (1:1) in a 2 ml glass tissue homogenizer, and centrifuged at
15,0008 for 10 min (Tube 1). The supernatant was transferred to a
2 ml centrifuge tube, tube 2, then concentrated at room temperature
in vacuum. A 120 ul methanol-water (1:1) solution was applied to
dissolve the concentrated product. The precipitate of tube 1 was
homogenized with 1,600 ul cold dichloromethane-methanol (3:1),
then centrifuged at 15,0009 for 10 min. The culture liquid was trans-
ferred to 2 ml centrifuge tube, tube 3, which was concentrated at
room temperature in vacuum, and redissolved with 120 pl methanol-
water (1:1). The solutions of centrifuge tubes 2 and 3 were mixed and
centrifuged once again (15,0008 for 10 min). The supernatant was
determined by HPLC-MS. During the study, 10 QC samples were
pooled from all spinal cord samples to equilibrate the HPLC-MS sys-
tem (Zhou et al.,, 2018).

235 |
analysis

Liquid chromatography-mass spectrometry

The metabolomics data were determined using a Nexera UHPLC LC-
30A system (Shimadzu, Japan), while the chromatographic separation
was processed on a Waters HSS T3 (150 x 3 mm, 1.8 pm) column at
25°C, with a flow rate of 0.3 ml/min. The analysis was completed with
mobile phases A (acetonitrile) and B (0.1% CH3COOH-H,0). The gra-
dient program was 100% B at 0-10 min; 50% A and 50% B at
10-13 min; 95% A and 5% B at 13-14 min; 100% B at 14-15 min. All
samples were kept at 4°C during the procedures.

The high-resolution MS system was performed using a
TripleTOF5600 + mass spectrometer (AB SCIEX™, USA). Both positive
and negative modes was used to acquire the data. Source parameters
are defined as follows: scanning range, m/z 100-1,500; scanning
mode,data-independent acquisition (DIA); capillary voltage, 5,000 V
(positive) and 4,500V (negative); capillary temperature, 500°C;
declustering potential (DP), 60 V; collision energy (CE), 35 V; collision
energy spared (CES), 15 V.

2.3.6 | Data processing

The raw LC-MS data was imported into MS-DIAL3.96 software for
preprocessing, then peak extraction, de-noise, deconvolution and
peak alignment, and a 3D data matrix in CSV format was exported.
The peak information was compared with metabolites from online
databases including MassBank, Respect and GNPS. The three-

dimensional matrix comprising sample information, retention time,
mass nuclear ratio and mass spectrometry response intensity (peak
area) was analyzed. Principal components analysis, partial least
squares discriminate analysis and orthogonal partial least squares
discrimination analysis were carried out to make multivariate statisti-
cal analysis using SIMCA-P (version 11.0, Umetrics, Umea, Sweden)
software (Rezig et al., 2018).

2.3.7 | Western blot analysis

The mouse spinal cord tissues (L4-6) were harvested and homoge-
nized using RIPA buffer (Beyotime, PO013B) supplemented with 1x
protease inhibitor cocktail (Sigma-Aldrich; P8304), phosphatase inhibi-
tor cocktail Il and Ill (Sigma-Aldrich; P5726). The supernatant was col-
lected by centrifugation at 12,0009 for 10 min, and the protein
concentration was detected using a bicinchoninic acid protein assay
kit (Beyotime, PO012S). An aliquot of 50 pg protein from each sample
was separated using SDS-PAGE and transferred to a PVDF mem-
brane, then blocked with 5% nonfat milk in TBST (pH 7.4). Thereafter,
the membranes were incubated with primary antibodies including
arginase | (1:1000; CST; #93668), argininosuccinate synthetase
(1:1000; abcam; ab17095), argininosuccinatelyase (1:1000; abcam;
ab97370) and actin (1:1000; ABclonal; AC026). After incubation with
the appropriate horseradish peroxidase (HRP) conjugated secondary
antibodies (IgG, against rabbit, 1:1000; ABclonal; AS014), the immune
complexes were visualized using the SuperSignal West Pico Substrate
(34,077, Pierce). The digital images were quantified using densitomet-

ric measurements by Quantity-One software (Bio-Rad).

2.3.8 | NO level detection

The spinal cord tissues (L4-6) were acquired and the level of nitric oxide
(NO) was determined. Briefly, the NO detection kit (A012-1-2; Nanjing
Jiancheng Biotechnology Co. Ltd; China) was purchased and the experi-
ment protocol was performed according to the operating manual.

2.39 | Statistical analysis

Data are presented as the mean *standard deviation. An unpaired

Student’s t-test was conducted using GraphPad Prism 8.0 (Graphpad,
CA, USA). A value of P < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | CFA-induced mechanical and thermal
hypersensitivities

The mechanical and thermal hypersensitivities were examined on the
fifth day after CFA injection. The results showed that the PWL and
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paw withdrawal threshold values were remarkable decreased in the
CFA group compared with the control group (Figure 1a,b; P < 0.05).

3.2 | Metabolic profiling analysis

To confirm whether chronic inflammation pain induced dramatic shifts
in the metabolites in the spinal cord, an LC-MS method was applied
to analyze the differences between the control and CFA groups.
Principal components analysis (Figure 2a) and partial least squares dis-
crimination analysis methods (Figure 2b) were used to detect the dif-
ferences. The results showed that the two methods did not isolate
differentially expressed metabolites (Figure 2a,b). Therefore, orthogo-
nal partial least squares discrimination analysis mode was employed,
and the metabolites were separated into two categories (Figure 2c).
Meanwhile, the model was subjected to a parametric test, and the
results indicated that the prediction rate of metabolites was 14.4%,
the prediction rate of the grouping was 75.4% and the accuracy of
model prediction was 58.6% (Figure 2d). In order to prevent a false
positive of the model, it was detected by response arrangement tests
(100 runs), and the results showed that the prediction rate of grouping
was 99.0%, and the accuracy of model prediction was 72.3%
(Figure 2e). To obtain different metabolite candidates, P-value < 0.05
and fold change > 2 were set as threshold values. The heat map and
volcano plot of metabolites are separately shown in Figure 2f and g,
and the details of the different metabolites are attached to Table 1.

3.3 | Protein expression and pathway analysis
The decrease in arginine levels may be involved in the alteration

of key enzymes of the arginine-NO cycle including
argininosuccinate synthetase and argininosuccinatelyase, and NO
level and arginase | expression. To validate the hypothesis, the
Western Blot (WB) assay was performed, and the results showed
that the expression of arginase | was elevated in the CFA group
group,

argininosuccinate synthetase and argininosuccinatelyase were not

compared with the control while the proteins of
significantly different between the CFA group and the control
group (Figure 3a). The NO level was obviously increased in the
CFA group compared with the control group (Figure 3b, P < 0.05).

In order to screen significantly enriched pathways, the different
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£ 2
£ 151 Z
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5 10 =
= 7] 2
= g
= = 0.5
: E
z
g Z 0.0-
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CFA

Control

metabolites were analyzed based on the KEGG and HMDB data-
bases. In Table 2, metabolic pathways with raw P and impact
values are listed. In addition, the impact of metabolic pathway is
delineated in Figure 3c, and the pathways marked with letters
were severely affected by chronic inflammation pain, with the
(A-G):  (A)

(B) arginine and proline metabolism; (C) histidine metabolism;

details as follows aminoacyl-tRNA  biosynthesis;

(D) purine metabolism; (E) phenylalanine; (F) tyrosine and
tryptophan biosynthesis; and (G) glutathione metabolism and phe-
nylalanine metabolism. Moreover, to provide insight into the
pathobiological mechanism of chronic inflammation pain, the inter-
action networks among these seven metabolic pathways were

generated and are presented in Figure 3d.

4 | DISCUSSION

Chronic inflammatory pain is universally regarded as a difficult medical
problem worldwide and only partial therapy options are available.
Various methods have been employed to investigate the potential
mechanisma. However, the complex biochemical processes of chronic
inflammatory pain remain poorly understood and little relief has been
achieved in spite of the enormous efforts that have been made in
basic medical and clinical research. Therefore, illuminating the under-
lying mechanism may provide novel strategies to alleviate pain with
fewer side effects. Recently, systems biology strategies including met-
abolomics analysis have been widely applied to explore the patho-
genic mechanism. In this study, the metabolites of CFA-induced
chronic inflammation pain were analyzed based on a metabolomics
method. The analysis showed that 27 metabolites were significantly
altered in response to CFA injection and seven metabolic pathways

were obviously enriched.

41 | The association between chronic
inflammatory pain and metabolites

Inflammatory pain is a complex symptom involving multiple modula-
tors consisting of neurotransmitters, receptors, ion channels and
signaling pathways (Jiao et al., 2020). Previous studies documented
that NF-xB, as a ubiquitously expressed transcription factor, could

effectively initiate the inflammatory response to mediate

FIGURE 1 Mechanical and thermal allodynia
in mice induced by complete Freund's adjuvant
% (CFA) injection. Effect of CFA injection on the
paw withdrawal responses to thermal (a) and
mechanical (b) stimuli at 5 days. *P < 0.05,
CFA compared with control group


https://www.sciencedirect.com/topics/medicine-and-dentistry/principal-component-analysis

ZHANG ET AL. W 50f 19
Pal
Chromatography— ILEY
Scores Plot Scores Plot Scores Plot
(a)g 7 ® CFA (b)g o CFA (c) . CFA
® CON g4 © CON © CON
H]
3 1 ® g | hd 8
g o -
s - g
£ g g o °o g ° ¢ ‘ -~
g o w o = 0
H e o °
Tl | gle e 3 - ° o8 iel e
§ & o ° : © 4 °
& o O £ g o © g O
o g% o 8 B+ ° g 8
i - - o : >
o g 7 @ 3 (95}
%A <
T T T ' T T T T T T T T T T T T
-5e+05 0e+00 5e+05 -8e+05 -6e+05 -4e+05 -2e+05 0e+00 2e+05 4e+05 6Ge+05 -40 -20 0 20
PC1(70.7%) Component 1 (705 %) T score [1] ( 14.4 %)
(d) 0.754 (e) 81
< h.586 .
2 s
7] 3 Q2:0.723
< § o p < 0.01 (0/100)
S g h R2Y:0.99
_ R2X . p = 0.02 (2/100)
R2Y
Perm R2Y
S 0144 0.169.168 Q2 L Pemm Q2
| .0087  0.102 |
==4.0381
o -
o T T T 1
-05 0.0 05 1.0
p1 ol 02
Permutations
———
——— -
= B
—= o 600w
=
== T
—— 10 5 0 5
118328023288 833801
SRR EERRRRRRREE log2 (FC)
EE 2RI L8R ER g R ER
FIGURE 2 Metabolic profiling analysis: (a) principal components analysis; (b) partial least squares discrimination analysis; (c) orthogonal partial

least squares discrimination analysis; (d, e) parametric test. (f) Heat map analysis of metabolites between control group and CFA group (the color
scale shows the relative metabolites expression in certain slide: blue indicates low relative expression levels; red indicates high relative expression
levels; yellow indicates no change); (g) volcano plot of metabolites between control group and CFA group (red indicates the metabolites
expression was significantly down/up-regulated in CFA group compared with control group; P < 0.05). R2X represents the prediction rate of
metabolites, R?Y represents the prediction rate of grouping, and Q? represents the accuracy of model prediction

cell proliferation, apoptosis and metastasis (Sethi, Sung, &
Aggarwal, 2008). Insulin resistance was enhanced by the NF-«xB
pathway to accelerate the progress of inflammatory reactions (Wang,
Zhang, Wang, Wang, & Liu, 2019). Inflammatory and oxidative stress
were closely correlated with the development of metabolic complica-
tions, and NF-xB signaling may promote the deterioration of non-
alcoholic fatty liver disease by inducing the accumulation of
in the liver (Kang et al., 2017; Valenzuela &

Moreover,

triacylglycerol

Videla, 2020). emerging evidence has shown that

metabolic disturbance may participate in regulating excitable mem-
branes, synaptic transmission and synaptic plasticity. Surveys
suggested several metabolites as biological markers that are sensitive
to pain pathology induced by CFA injection. Similarly, the differen-
tially expressed metabolites were screened, and the results showed
that the expression of 26 metabolites was significantly changed in
response to CFA injection. Hence, the potential regulatory network
was analyzed, and a hub metabolite was sought out for developing a

therapeutic method of chronic inflammation pain.
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FIGURE 3

Pathway analysis of the different metabolites: (a) Western Blot (WB) assay for key protein expression; (b) NO level detection; and

(c) bubble plot for pathway analysis of the different metabolites. The x-axis represents the pathway impact and the y-axis describes the impact
value. The circular area is proportional to the number of metabolites assigned to the term and the color accords with the P-value; (d) the
regulatory relationship of metabolic pathways in response to CFA-induced inflammatory pain. Potential biomarkers are marked as red (up-
regulated), green (down-regulated) and blue (without significant changes). Other undetected metabolites in the metabolic pathway are labeled in
black. The names of related metabolic pathways are marked in red in the corresponding dashed box

4.2 | The metabolic alterations elicited by chronic
inflammatory pain

Several metabolites induced by chronic inflammatory pain were iden-
tified, which may be implicated in nervous impulse transmission. To
clarify the metabolic process, spinal cord tissues were acquired and
the regulatory process of metabolites was analyzed. Generally, argi-
nine is susceptible to the level of guanidine compounds, and thereby
results in citrullination (Wang et al., 2019). In addition, a previous
study showed that arginine downregulation exacerbated the inflam-

matory reactions, and thereby resulted in the degradation of amino

acids (Schroecksnadel et al., 2006). In this study, our results showed
that the level of arginine was significantly decreased in the CFA group
compared with the control group, which may directly mediate the
inflammatory response and cause inflammatory pain. In addition,
related documents revealed that arginine participated in the synthesis
of NO neurotransmitter, which could produce anti-nociceptive natural
opioids and N-methyl-p-aspartate receptor-mediated pain-promoting
effect (Chen et al., 2016; Rondon et al., 2018), whereas neurotrans-
mitter depletion derived from arginine decrease may contribute to
inflammatory pain. Moreover, histidine is closely related to the inflam-

mation processes by regulating the synthesis of histamine
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TABLE 2 The potential metabolic pathways
Holm

Total Expected Hits RawP #name? adjust FDR Impact
Aminoacyl-tRNA biosynthesis 69 3.6034 17 1.81x10® 17.827 1.48E-06 1.48E-06 0.12903
Arginine and proline metabolism 44 2.2978 10 4.84 x107° 9.9365 0.0039184 0.0019834  0.36034
Histidine metabolism 15 0.78335 4 0.0060344 5.1103 0.48275 0.11698 0.24194
Alanine, aspartate and glutamate metabolism 24 1.2534 5 0.0066071 5.0196 0.52196 0.11698 0.60232
Purine metabolism 68 3.5512 9 0.0071327 4.9431 0.55635 0.11698 0.23524
Nitrogen metabolism 9 0.47001 3 0.0091513 4.6939 0.70465 0.12507 0
Phenylalanine, tyrosine and tryptophan 4 0.20889 2 0.015078 4.1945 1 0.15742 1

biosynthesis
Valine, leucine and isoleucine biosynthesis 11 0.57445 3 0.016665 4.0944 1 0.15742 0.99999
Pyrimidine metabolism 41 2.1411 6 0.017278 40583 1 0.15742 0.1534
Glycine, serine and threonine metabolism 31 1.6189 5 0.019841 3.92 1 0.1627 0.26989
D-Glutamine and p-glutamate metabolism 5 0.26112 2 0.024285 3.7179 1 0.18103 1
Pantothenate and CoA biosynthesis 15 0.78335 3 0.039543 3.2304 1 0.26972 0.02041
Glutathione metabolism 26 1.3578 4 0.04276 3.1522 1 0.26972 0.44179
Cysteine and methionine metabolism 27 1.41 4 0.048266 3.031 1 0.2827 0.17491
f-Alanine metabolism 17 0.88779 3 0.054848 2.9032 1 0.29984 0
Biosynthesis of unsaturated fatty acids 42 2.1934 5 0.063642 2.7545 1 0.32333 0
Glycerophospholipid metabolism 30 1.5667 4 0.067032 2.7026 1 0.32333 0.15371
Phenylalanine metabolism 11 0.57445 2 0.10909 2.2156 1 0.49694 0.40741
Amino sugar and nucleotide sugar metabolism 37 1.9323 4 0.12318 2.0941 1 0.53164 0.16012
Ubiquinone and other terpenoid-quinone 3 0.15667 1 0.14873 1.9056 1 0.60979 0
biosynthesis

Lysine biosynthesis 4 0.20889 1 0.19328 1.6436 1 0.75471 0
Biotin metabolism 5 0.26112 1 0.23553 1.4459 1 0.86 0
Glyoxylate and dicarboxylate metabolism 18 0.94001 2 0.24122 1.4221 1 0.86 0.38709
Cyanoamino acid metabolism 6 0.31334 1 0.27559 1.2888 1 0.886 0
Linoleic acid metabolism 6 0.31334 1 0.27559 1.2888 1 0.886 1
Citrate cycle (TCA cycle) 20 1.0445 2 0.28093 1.2697 1 0.886 0.09164
Sphingolipid metabolism 21 1.0967 2 0.30076 1.2014 1 0.91341 0.01504
Valine, leucine and isoleucine degradation 38 1.9845 3 0.31867 1.1436 1 0.93324 0
Lysine degradation 23 1.2011 2 0.34013 1.0784 1 0.9556 0
Taurine and hypotaurine metabolism 8 0.41778 1 0.34961 1.0509 1 0.9556 0.42857
Ascorbate and aldarate metabolism 9 0.47001 1 0.38377 0.95772 1 0.9834 0
Methane metabolism 9 0.47001 1 0.38377 0.95772 1 0.9834 0.4
Riboflavin metabolism 11 0.57445 1 0.44686 0.80551 1 1 0
Nicotinate and nicotinamide metabolism 13 0.6789 1 0.50357 0.68603 1 1 0.2381
Pentose and glucuronate interconversions 16 0.83557 1 0.57805 0.54809 1 1 0.2
Glycerolipid metabolism 18 0.94001 1 0.62147 0.47567 1 1 0.0256
Starch and sucrose metabolism 19 0.99224 1 0.64149 0.44396 1 1 0.13815
Fatty acid biosynthesis 43 2.2456 2 0.6688 0.40227 1 1 0
Fructose and mannose metabolism 21 1.0967 1 0.67845 0.38794 1 1 0.15342
Butanoate metabolism 22 1.1489 1 0.6955 0.36313 1 1 0
Galactose metabolism 26 1.3578 1 0.7552 0.28077 1 1 0
Fatty acid elongation in mitochondria 27 1.41 1 0.76823 0.26367 1 1 0
Porphyrin and chlorophyll metabolism 27 1.41 1 0.76823 0.26367 1 1 0
Arachidonic acid metabolism 36 1.88 1 0.85855 0.15251 1 1 0.32601

(Continues)
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TABLE 2 (Continued)
Holm
Total Expected Hits RawP #name? adjust FDR Impact
Fatty acid metabolism 39 2.0367 1 0.88011 0.12771 1 1 0
Tryptophan metabolism 40 2.0889 1 0.88655 0.12042 1 1 0.17715
Tyrosine metabolism 44 2.2978 1 0.90906 0.095343 1 1 0.14045
Primary bile acid biosynthesis 46 2.4023 1 0.9186 0.084902 1 1 0.02976

neurotransmitters (Shell et al., 2016). The metabolomics data showed
that histidine expression was enhanced following CFA injection and
ultimately led to chronic inflammation pain.

4.3 | Phenylalanine and tyrosine metabolism
Tyrosine is an essential amino acid, which is partially synthetized from
phenylalanine. The accumulation of phenylpyruvate is toxic to the cen-
tral nervous system (Rausell et al., 2019). Previous research found that
the levels of phenylalanine and tyrosine were remarkably increased in
cerebrospinal fluid of patients with regional pain syndrome (Meissner
et al., 2014). Dopamine, norepinephrine and epinephrine produced by
the phenylalanine and tyrosine metabolic reactions play a critical role in
the brain. Norepinephrine released from the sympathetic nerves can
activate f2ARs receptors, and result in production and secretion of the
proinflammatory cytokine, subsequently causing hyperalgesia of sen-
sory neurons and increasing chronic inflammatory pain (Li et al., 2013).
Interestingly, our findings indicated that the pronounced increase of
phenylalanine and tyrosine may accelerate pain signal transduction by
increasing the concentration of neurotransmitters in spinal cord.
Currently, data suggest that metabolic changes are relevant to
many diseases, and metabolites obtained from accessible samples
such as urine or plasma may serve as potential biomarkers for diagno-
sis of chronic inflammatory pain in the clinic (Liu et al.,, 2017a; Liu
et al., 2017b). The spinal cord is the primary center of transmission
signals. The signals of nociceptive stimuli are transmitted to the poste-
rior horn of the spinal cord by fine fibers, and eventually pass to the
processing in the spinal cord (Descalzi
et al., 2015; Meacham, Shepherd, Mohapatra, & Haroutounian, 2017).
Therefore, investigating the alteration of metabolites in spinal

cerebral cortex after

cord may help to illuminate the neuronal communication mechanism
regarding CFA injection-induced chronic inflammation pain. Collec-
tively, this study provides a new perspective for comprehending the
pathological process of CFA-induced chronic inflammation pain, and

enhancing efforts to develop new therapeutic strategies.
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