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Background: Chronic nonspecific low back pain (c(NLBP) represents the most prevalent musculoskeletal disorder encountered in
clinical practice, constituting approximately two-thirds of all chronic low back pain cases. Epidemiological studies have identified
significant gender differences in the incidence of cNLBP, with women exhibiting a slightly higher prevalence and reporting greater
pain severity compared to men. However, the underlying mechanisms contributing to the increased severity of cNLBP in women
remain largely unexplored. Our research is the first to explore fatty acid biomarkers in female patients with cNLBP undergoing
physiotherapy from the perspectives of metabolomics and lipidomics.

Methods: The study comprised 13 healthy female volunteers and 15 women diagnosed with ¢cNLBP. Metabolomic and lipidomic
analyses were employed to identify lipid metabolites closely associated with cNLBP in women. Subsequently, the 15 patients with
cNLBP underwent manual therapy and exercise therapy, which incorporated both manual therapy and exercise therapy. Each therapy
session lasted 50 minutes and was conducted over six sessions, occurring every two days. The Visual Analog Scale (VAS) scores of the
patients were evaluated before and after treatment, and serum samples were collected for lipid determination at both pre- and post-
treatment intervals.

Results: Our metabolomic and lipidomic analyses revealed significantly elevated levels of three fatty acids (FAs): C14:0 FA
(P=0.046), C20:0 FA (P=0.000001), and C20:1 FA (P=0.0007)), alongside significantly reduced levels of C20:5 (P=0.021) FA in
women with cNLBP compared to healthy female volunteers. Receiver Operating Characteristic (ROC) curve analyses demonstrated
that the Area Under the Curve (AUC) for these FAs exceeded 75%, indicating robust diagnostic performance. Notably, C20:0 FA
exhibited an AUC greater than 95%, suggesting its potential as the most effective biomarker for diagnosing female patients with
cNLBP. Additionally, physiotherapy significantly reduced pain levels in these women and was associated with a substantial decrease in
blood FA levels.

Conclusion: The study revealed a significant correlation between FA levels and female patients with cNLBP undergoing physiother-
apy, thereby providing valuable insights for the development of personalized treatment approaches.

Trial Registration: (Chinese Clinical Trial Registry (https://www.chictr.org.cn), No.ChiCTR2300076620, 10/13/2023).

Keywords: fatty acid, metabolome, lipidome, chronic nonspecific low back pain

Introduction

Chronic nonspecific low back pain (cNLBP) represents a widespread clinical challenge affecting a substantial portion of
the global population.' The Guidelines for the Diagnosis and Treatment of Chronic Low Back Pain in China, published in
2024, indicate that the prevalence of cNLBP consistently ranks among the top three conditions worldwide. Furthermore,
it is listed as one of the five leading causes of reduced disability-adjusted life years, significantly contributing to disability
and diminished productivity.” The healthcare expenditures associated with ¢cNLBP have surpassed those of other
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common chronic conditions, including hypertension, diabetes, and coronary heart disease, thereby imposing
a considerable economic burden on both society and affected individuals.®

cNLBP represents a multifaceted syndrome with a complex pathogenesis involving mechanical, chemical, psycho-
social, biomechanical, and neurobiological factors.* The suggested approach for managing cNLBP evolves from simpler,
conservative treatments to more advanced, higher-risk, and costlier options. This progression typically begins with
conservative medical management, advances to percutaneous interventional techniques aimed at alleviating persistent
pain, and ultimately culminates in surgical interventions that address underlying issues or modify the chronic pain
mechanism.” Conservative medical management encompasses exercise, physical rehabilitation, and various non-
pharmacological strategies, alongside pharmacological options such as analgesics, non-steroidal anti-inflammatory
drugs, and, for select patients, opioids. Physiotherapy is a critical component of conservative medical management
and is regarded as the initial treatment choice for chronic low back pain.® Among the numerous physiotherapy
techniques, exercise therapy and manual therapy have demonstrated efficacy in managing chronic low back pain.
These methods are associated with a decreased likelihood of exacerbating future back problems or leading to work
absences, making them preferable treatment alternatives to medication or surgical interventions. Furthermore, these
therapies can be administered in rehabilitation facilities.” Furthermore, a significant sex disparity exists in both the
prevalence and experience of low back pain. Studies demonstrate that females have a higher prevalence of cNLBP than
males.® Moreover, females with back pain report greater pain intensity compared to males.'® Nevertheless, the under-
lying mechanisms contributing to the increased severity of cNLBP in women remain largely unexplored.

Recent research has increasingly focused on the role of lipid molecules in pain regulation.''"'? Studies indicate that
aberrant lipid metabolism and inflammatory responses significantly contribute to pain onset and progression.'> !>
A recent investigation demonstrated a significant association between abdominal adipose tissue and chronic muscu-
loskeletal pain, suggesting that excess ectopic fat deposition may significantly contribute to the pathogenesis of
multisite, generalized chronic musculoskeletal pain, with a notably stronger effect in women compared to men.'® ©-
6 polyunsaturated fatty acids (PUFAs) represent a significant risk factor for both inflammatory and neuropathic pain. In
patients with type 2 diabetic neuropathic pain, skin levels of omega-6 lipids are strongly correlated with reported pain
levels and analgesic requirements. Furthermore, reducing w-6 PUFAs while increasing ®-3 PUFA intake result in
a substantial decrease in pain levels.'” Additionally, lipid metabolites, including prostaglandins and leukotrienes,
activate inflammatory signaling pathways that promote the release of inflammatory mediators, thereby exacerbating
pain.'®*2° Our previous studies have shown that levels of monacylglycerol (MAG) and diacylglycerol (DAG) are
significantly elevated, while triacylglycerol (TAG) levels are markedly decreased in patients with cNLBP compared to
healthy individuals. This finding suggests that lipid molecules may significantly contribute to cNLBP development.?'
However, the study did not account for sex disparity in cNLBP within the population. Consequently, the association
between specific lipids and the increased occurrence and intensity of pain in women with cNLBP remains uncertain.
Our research is the first to explore fatty acid biomarkers in female cNLBP patients undergoing physiotherapy from the
perspective of lipidomics.

Materials and Methods

Participants
This study recruited 13 healthy female participants and 15 female patients with chronic nonspecific low back pain
(cNLBP) through advertisements. Eligibility criteria included individuals aged between 18 and 40 years with radiating
pain from the lower rib to the inferior gluteal fold for at least three months continuously or intermittently for over six
months.”> Two qualified medical professionals confirmed the ¢cNLBP diagnosis using criteria established by the
American Pain Society and the American College of Physicians.*>** Only individuals with a Visual Analog Scale
(VAS) score of 2 or higher were included.”> Additional requirements encompassed right-hand dominance, absence of
neurological disorders or intracranial lesions, and no back pain treatment in the preceding three months.

Individuals who did not meet specific health criteria were excluded from the research. Notably, those who had
recently been pregnant or were currently expecting, those experiencing back pain extending to other regions, or those
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facing postpartum lower back pain or menstrual complications were disqualified from selection. Furthermore, individuals
diagnosed with known inflammatory diseases of the spine, vertebral fractures, advanced osteoporosis, autoimmune
arthritis, or cancer were also excluded. Participants with cardiovascular or cerebrovascular diseases, as well as those
suffering from endocrine disorders, were deemed ineligible for the study. Subjects who had taken anti-inflammatory
drugs or received any other form of intervention were also excluded. Furthermore, individuals facing mental health
challenges requiring medication, those unwilling to provide consent or comply with the study protocol, and people
struggling with alcohol or substance dependence were also excluded from participation.

Pain levels were assessed in each participant using the VAS, and blood samples were collected for omics analyses.
The First Affiliated Hospital of Sun Yat-sen University granted ethical approval for the study (no. [2023]596). Before the
experiment, informed consent was obtained from all participants, evidenced by their signatures.

Therapy of Subjects

Therapeutic interventions for women experiencing cNLBP incorporated both manual therapy and exercise therapy.
Manual therapy interventions consisted of joint mobilization or manipulation (thrust) and mobilization with movement
techniques targeting the spine or pelvis, in accordance with the physiotherapy protocol described in the literature.>® Each
session lasted approximately 20 minutes. Subsequently, patients engaged in exercise therapy for 30 minutes, emphasizing
motor control and core stabilization exercises. Motor control exercises included stretching of trunk and limb muscles,
flexibility training, trunk and hip rotation, and flexion activities. Stability exercises encompassed the bridge movement,
leg-raising bridge, side plank, two-point bird-dog stance with opposite arms and legs elevated, bear crawls, and the dead
bug exercise. VAS scores before and after physiotherapy in female patients with cNLBP were evaluated employing the
Student’s #-test (P < 0.05). The results are expressed as mean + standard error of the mean (SD).

Metabolomic Analysis

Venous blood underwent centrifugation at 4°C for 15 minutes to obtain serum. A 100 pL aliquot of the serum sample
received an extraction solution, followed by sonication in a 4°C water bath for 10 minutes. The samples were then
incubated for one hour at —20°C before centrifugation. The resulting supernatant was transferred to a fresh centrifuge
tube and subjected to nitrogen drying. After drying, the samples were reconstituted and applied to a C18 column (2.1 x
100 mm, 1.7 pm particle size; Waters, USA) for mass spectrometry analysis. The metabolomic analysis employed an AB
SCIEX Mass Spectrometer QTRAP 4500, with mass spectrometry settings adjusted according to the methodologies

described in this article.?!"?”

Lipidomic Analysis

Following venous blood collection, serum was separated through centrifugation at 4°C for 15 minutes. A lipid internal
standard and extraction solution were added to 200 puL serum sample, followed by vortex mixing and subsequent
centrifugation. The resulting supernatant was transferred to a fresh centrifuge tube and evaporated under nitrogen. The
dried samples were then reconstituted and injected into a C18 column (dimensions: 2.1x100 mm, particle size: 1.7 um)
manufactured by Waters (USA) for analysis via mass spectrometry. Lipid analysis was conducted using the AB SCIEX
Mass Spectrometer QTRAP 6500, with mass spectrometry parameters configured in accordance with the methodologies
outlined in this article.”'*® Biomarkers were identified through classical univariate Receiver Operating Characteristic
(ROC) curve analysis, conducted using the web-based tool METPA (https://www.metaboanalyst.ca/).>’

Results

Metabolomic Profiling of Women with ¢cNLBP

The study comprised 13 healthy female participants in the Healthy Female Volunteers (HFV) group and 15 female
patients diagnosed with cNLBP in the cNLBP group. The cNLBP cohort reported substantial pain levels, as measured by
the VAS score. The two groups exhibited no significant differences in age, height, weight, or body mass index (BMI).
Detailed demographic information is presented in Table 1. To investigate potential pathogenic factors associated with
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Table | Demographic Information, M+SD

Healthy Female | Female Patients | P
Volunteers with cNLBP
N (female) 13 15
Age (years) | 23.38%4.52 25.67+3.05 0.1388
Height (m) 1.60£5.89 1.63£6.13 0.2295
Weight (kg) | 51.07+4.60 55.80+7.29 0.0634
BMI (kg/m?) | 19.93£1.75 20.94+2.17 0.2088
VAS 0 4.20£1.32 <0.001

Abbreviations: BMI, body mass index; VAS, visual analogue scale.

cNLBP in females, serum metabolite profiles from both groups were analyzed. A Partial Least Squares Discriminant
Analysis (PLS-DA) was employed to assess the model’s validity. The PLS-DA score plot results revealed a clear
separation between healthy female participants and women with cNLBP (Figure 1A). Of the 520 metabolites identified,
15 demonstrated significant changes, characterized by a fold change of > 1.5 and a p-value of less than 0.05. Among
these metabolites, 10 were upregulated, while 5 were downregulated in female cNLBP patients (Figure 1B).

The metabolites underwent enrichment analysis, which revealed that those exhibiting differential changes were primarily
associated with FA metabolism, amino acid metabolism, and energy production. The significant enrichment of amino acid
metabolism pathways, including glutamate, cysteine, and glycine/serine metabolism, in conjunction with the urea cycle, likely
reflects active nitrogen metabolism and ammonia detoxification processes. Additionally, the enrichment of ubiquinone biosynth-
esis and glutathione metabolism may indicate the activation of antioxidant defense systems in response to oxidative stress.
Notably, there was a marked enrichment of mitochondrial beta-oxidation pathways for long-chain, very long-chain, and short-
chain saturated FAs, with enrichment ratios reaching up to 12-fold. This substantial difference in these processes between the two
groups suggests that FA catabolism plays a significant role in the pathogenesis of chronic low back pain in women (Figure 2).

Lipidomic Profiling of Women with cNLBP

Following the metabolomic analysis, this study sought to identify specific lipid components associated with cNLBP in women by
comparing the lipid composition of women with cNLBP to that of healthy women. The lipid analysis identified 17 lipid species,
including phospholipids, sphingolipids, and triglycerides. PLS-DA was employed to elucidate distinct lipidomic profiles between
healthy women and those with cNLBP. As depicted in Figure 3A, a notable separation trend was observed in the component 1
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Figure | Metabolomic analysis of healthy female participants and female patients with cNLBP (A) PLS-DA score plots were generated to illustrate the differences between
healthy female participants and female patients with cNLBP (B) A volcano plot illustrated the differential metabolites identified between healthy female participants and
female patients with cNLBP.
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Overview of Enriched Metabolite Sets (Top 25)
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Figure 2 Pathway enrichment analysis of differential metabolites observed between healthy female participants and female patients with cNLBP.
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Figure 3 Lipidome analysis in healthy female participants and female patients with ctNLBP (A) PLS-DA score plots were generated to illustrate the differences between
healthy female participants and female patients with cNLBP (B) A correlation analysis was conducted on the lipids exhibiting significant differences, employing diverse colors
to represent the magnitude of the Pearson correlation coefficient.

scores between healthy female volunteers and female patients with cNLBP. This distinction reveals significant differences in the
characteristics or variables represented by component 1 between the two groups. The analysis of correlations among the 17 lipid
types was conducted using the Pearson correlation coefficient, demonstrating the degree of association between various lipid
species. Positive correlations are indicated in red, while negative correlations are shown in blue; additionally, a deeper shade
represents a stronger correlation (Figure 3B).
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FA Levels Were Significantly Elevated in Women with cNLBP Compared to Their

Healthy Counterparts

We conducted a comparative analysis of 17 lipid levels between healthy women and those with ¢ctNLBP. Our results
indicated significantly elevated levels of FA, MAG, and DAG in women with cNLBP compared to healthy controls. In
a previous investigation, we observed a similar significant increase in MAG and DAG levels in cNLBP patients,
regardless of gender. Based on these findings, we propose that FA may represent a class of lipid molecules specifically
associated with cNLBP in women (Figure 4).

Changes in FA Levels of Female Patients with cNLBP

Our comprehensive analysis of specific FA components revealed notable increases in the levels of C14:0, C20:0, and C20:1
FAs, while C20:5 FA showed a significant decrease in female patients with cNLBP compared to healthy women (Figure 5).
To evaluate the efficacy of these four FAs as biomarkers for diagnosing cNLBP in women, we conducted ROC curve
analyses. The ROC curves displayed the False Positive Rate (FPR) on the horizontal axis and the True Positive Rate (TPR) on
the vertical axis. The shape and position of each curve illustrated the diagnostic capability of the respective biomarker in
distinguishing between healthy women and female patients with cNLBP. The AUC is a crucial metric for assessing diagnostic
test performance, with values closer to one indicating superior classification ability. Our results demonstrated that the AUC
for these four FAs exceeded 75%, indicating good diagnostic performance. Notably, C20:0 FA exhibited an AUC greater than

95%, suggesting it as the most effective biomarker for diagnosing cNLBP in women (Figure 6).

Physiotherapy Demonstrated Efficacy in Reducing Serum FA Levels Among Female
Patients with cNLBP

To corroborate our findings, we administered physiotherapy to 15 patients in the female cNLBP group. Serum samples
were obtained before and after treatment. The results demonstrated a significant reduction in pain levels following
physiotherapy (Figure 7A). Moreover, analysis of FA content in the serum samples revealed a marked decrease in the
levels of 20 FAs post-treatment (Figure 7B). These observations suggest that physiotherapy may mitigate chronic low
back pain in women by reducing serum FA levels.
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Figure 4 Identification of changes in lipid components in healthy female participants and female patients with cNLBP Lipid analysis was performed on samples obtained from
healthy female participants and female patients diagnosed with cNLBP. Significant differences in lipid levels were observed between the two groups, as determined by
Student’s t-test. *p<0.05; **p<0.01.
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Figure 7 Physiotherapy demonstrated significant efficacy in pain alleviation and serum fatty acid level reduction among women with cNLBP.(A) Comparison of VAS scores
before and after physiotherapy in female patients with ¢cNLBP (B) Comparative analysis of fatty acid composition in female patients with cNLBP pre- and post-
physiotherapyA Student’s t-test was performed. *p<0.05; *p<0.01; ***5<0.001.

Discussion

cNLBP represents the most prevalent musculoskeletal disorder encountered in clinical practice, comprising approximately
two-thirds of all chronic low back pain cases.*® Epidemiological studies have revealed that between 65% and 80% of adults
will experience low back pain at least once in their lifetime, with nonspecific cases accounting for nearly 90% of all low back
pain occurrences.’’ cNLBP imposes a significant economic burden on society, with healthcare expenditures exceeding USD
100 billion annually in the United States alone.>* The global burden of LBP is projected to increase, as the number of adults
aged 60 and above experiencing cNLBP is expected to double from its 2015 figures, reaching 2.1 billion by 2050.** Notable
gender disparities exist in the incidence of cNLBP, with women demonstrating a slightly higher prevalence than men and
reporting more severe pain.>* Some studies suggest that these differences may be associated with hormonal fluctuations, such
as changes in estrogen levels, reduced core muscle strength, and psychosocial stress.>> 7 However, the underlying molecular
mechanisms contributing to the greater impact of cNLBP on women remain unexplored.

The initial stage of FA synthesis begins with the carboxylation of acetyl-CoA, resulting in the formation of malonyl-
CoA. This reaction, catalyzed by acetyl-CoA carboxylase (ACCase), is considered the rate-limiting step in the process.®
In eukaryotes, long-chain FAs, including palmitic acid (C16:0), are synthesized from malonyl-CoA by the enzyme fatty
acid synthase (FASN).*® Unsaturated FAs, characterized by varying carbon chain lengths and numbers of double bonds—
such as oleic and arachidonic acids—are produced through the action of desaturases, including A9 desaturase, and
elongation enzymes.**** Our metabolomic analysis and lipid profiling of serum samples from healthy women and those
with cNLBP revealed significantly elevated levels of FAs, MAG, and DAG in women with cNLBP compared to healthy
controls. A previous study, which did not consider gender differences, found elevated MAG and DAG levels in
individuals with cNLBP compared to healthy subjects.?’ This suggests a notable association between MAG and DAG
levels and ¢cNLBP, with the elevated FA content identified as a specific contributing factor to ¢cNLBP in women.
Moreover, physiotherapy has been shown to significantly reduce pain scores and serum FA levels in women with
cNLBP, further substantiating the correlation between FA levels and cNLBP in this population. Previous studies have
demonstrated that exercise can facilitate the transport of fatty acids into mitochondria by activating the “AMPK-ACC-
CPT-1” pathway, thereby promoting fatty acid oxidation and reducing their concentration in serum.**** Furthermore,
exercise may also contribute to the long-term restructuring of the oxidation system through the “SIRT1-PGC-10a-PPAR”
axis, ultimately leading to a reduction in circulating fatty acids.*> We propose two mechanisms by which FAs may
contribute to cNLBP in women. The first involves pain transmission, which is influenced by the activity of transient
receptor potential (TRP) ion channels.*® The TRP channel family acts as a crucial sensor for pain signaling, with its
activity being highly dependent on the lipid environment.*” FA metabolites, such as prostaglandins and leukotrienes,

directly activate channels like TRPV1 and TRPAI, facilitating Ca?'influx and initiating pain signaling pathways.***’
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The second mechanism suggests that a higher proportion of saturated FAs relative to unsaturated FAs stimulates an
inflammatory reaction, resulting in pain. Studies have shown that saturated FAs can exacerbate inflammation and
neuropathic pain by activating Toll-like receptor 4 (TLR4).>>>! Conversely, polyunsaturated FAs, such as 20:5 FA,
can competitively inhibit arachidonic acid metabolism and generate anti-inflammatory lipid mediators, including
resolvins, which may alleviate chronic pain.’*>* Our findings indicate that levels of polyunsaturated 20:5 FA were
significantly lower in women with cNLBP compared to healthy women, whereas levels of saturated FAs, such as 20:0 FA
and 14:0 FA, were significantly higher in women with ¢cNLBP, potentially promoting inflammatory responses and
exacerbating pain. This study employed metabolomic and lipomic analyses to demonstrate that alterations in FA levels
may contribute to cNLBP in women, thereby offering novel insights for personalized treatment strategies.

Study Strengths and Limitations

The primary strength of this study lies in its identification of elevated FA levels as a significant risk factor for cNLBP in
women. Furthermore, it establishes that physical therapy can mitigate chronic low back pain in this demographic by
reducing FA concentrations. However, the precise mechanisms through which FAs contribute to ¢cNLBP in women
remain to be elucidated.

Conclusions and Clinical Perspective

This study pioneered the establishment of a robust association between FAs and cNLBP in women, utilizing both
metabolomic and lipidomic approaches. Moreover, it elucidates how physical therapy can mitigate cNLBP in women by
down-regulating FA levels, thus offering novel insights for personalized treatment strategies. The development of new
therapeutic agents targeting these FA alterations may prove advantageous in the treatment of cNLBP in women. In the
next phase of our study, we will increase our clinical sample size and specify the follow-up duration and sustained
outcomes to enhance the rigor of our investigation.
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