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The anti-nerve growth factor antibody class of drugs interrupts signaling by blocking NGF binding to TrkA receptors for the treatment of pain; however, this target class of drugs has been associated with serious adverse effects in the joints during clinical trials. DS002 is a novel anti-nerve growth factor antibody drug independently developed by Guangdong Dashi Pharmaceuticals. The main purpose of this study is to explore the correlation between DS002 and pain as well as cartilage and bone metabolism with the help of metabolomics technology and the principle of enzyme-linked reaction, and to examine whether DS002 will produce serious adverse effects in joints caused by its same target class of drugs, in order to provide more scientific basis for the safety and efficacy of DS002. Our results showed that DS002 mainly affected the metabolism of aromatic amino acids and other metabolites, of which six metabolites, l -phenylalanine, 5-hydroxytryptophan, 5-hydroxytryptamine hydrochloride, 3-indolepropionic acid, kynuric acid, and kynurenine, were significantly altered, which may be related to the effectiveness of DS002 in treating pain. In addition, there were no significant changes in biological indicators related to cartilage and bone metabolism in vivo, suggesting that DS002 would not have a significant effect on cartilage and bone metabolism, so we hypothesize that DS002 may not produce the serious adverse effects in joints caused by its fellow target analogs. Therefore, the Anti-NGF analgesic drug DS002 has the potential to become a promising drug in the field of analgesia, providing pain patients with an efficient treatment option without adverse effects.
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1 INTRODUCTION
Chronic pain is an unsolved global healthcare problem that remains a major cause of suffering, disability, and substantial economic burden worldwide (Cohen et al., 2021). It is estimated that the rate of chronic pain in humans is as high as 20% each year (Dahlhamer et al., 2018). The International Association for the Study of Pain (IASP) defines pain as unpleasant sensory and emotional experiences related to or similar to actual or potential tissue damage (Raja et al., 20220). Pain can be categorized as acute or chronic based on the duration and nature of its occurrence. Modern medical research has proven that acute pain is a symptom that goes away as the disease gets better; However, chronic pain usually lasts for more than 1 month or even 3 months, and this pain is no longer a symptom, but should be treated as a disease. The occurrence of pain is caused by many factors. In addition to the impact of injury or disease, there are physical perception, psychological and emotional changes, genetic factors, etc. Due to the complexity of pain, the results of the current treatment of chronic pain are unsatisfactory (The, 2021). Currently available analgesics do not meet treatment goals. For example, opioids and non-steroidal anti-inflammatory drugs (nsaids), two commonly used analgesics in clinical practice, have different side effects in chronic pain. The main adverse reactions induced by opioids include analgesic tolerance, addiction and physical tolerance, nausea and vomiting, constipation, and respiratory depression (Paul et al., 2021). The long-term use of NSAIDs can produce gastric bleeding and cardiovascular-related adverse reactions (Trelle et al., 2011). The different side effects greatly limit the widespread use of these two classes of drugs. Therefore, there is an unmet need for effective analgesic drugs that are safer and more tolerable than currently available treatments.
Nerve growth factor (NGF) was first discovered by Rita Levi-Montalcini (Levi-Montalcini, 1952). NGF in the body is both an essential protein and an important pain-producing substance (Hirose et al., 2016). It has been found that NGF binding can be two types of receptors (Landreth and Shooter, 1980), the protomyosin receptor kinase a (TrkA), which has a high affinity for NGF, and the p75 neurotrophic factor receptor (p75NTR), which has a low affinity for NGF. NGF is secreted by inflammatory cells in damaged tissues and by Schwann cells in damaged nerves (Thacker et al., 2007; Basbaum et al., 2009). When tissue injury occurs, NGFs are abundantly expressed at the site of injury and bind to TrkA receptors on the cell membranes of sensory nerve endings, which in turn transmits pain signals, ultimately leading to the onset of pain. Therefore, in cases where an inflammatory response persists with damaging pain, such as low back pain, back pain, autoimmune diseases - rheumatism, etc., or in cases of neuropathic pain, NGF induces sensitization of the peripheral and central systems, which can lead to nociceptive hypersensitivity and anisocoria, and analgesics that block NGF/TrKA signaling can be very effective in these pathologies (Hirose et al., 2016). In recent years, researchers have also identified it as one of the key targets for drugs to treat chronic pain. Currently, the main NGF/TrkA inhibitor drugs are anti-NGF antibodies and TrkA activity inhibitors (Hirose et al., 2016). This study will focus on a new anti-NGF antibody, which have shown promising results in clinical studies and are expected to provide new clinical treatment strategies for chronic pain in the future.
Metabolomics is the quantitative and qualitative analysis of all small molecules in a biological sample at a certain time and under certain conditions. It is a accredited methodology with more than 20 years of practical experience. At present, metabolomics has been extended to many disciplines (Jeyarajah et al., 2006; Wishart, 2016; González-Domínguez et al., 2020). Metabolomics technologies have improved the mechanistic understanding, diagnosis, and treatment of various diseases by utilizing biological samples from humans and animal and cellular models of human diseases. Although the relationship between metabolomics and pain may be complex because the occurrence of pain is accompanied by multiple physiological symptoms, these issues have the potential to manifest through the level of metabolomics (Miettinen et al., 2021), which will facilitate the development of mechanism-based pain diagnostics to support mechanism-based therapeutic approaches. Metabolomics research has the potential to advance these goals because it can discover pain biomarkers to improve pain treatment options, facilitate drug development progress, and ultimately reduce the burden of chronic pain.
DS002 is an anti-NGF monoclonal antibody developed by Tashi Pharmaceutical (Guangdong) Co. Ltd. It interrupts the signal transmission by blocking the binding of NGF to the TrkA receptor, making it unable to stimulate the corresponding sensory neurons, and finally achieving an analgesic effect. Currently, a phase I clinical trial of DS002 has been completed and published in our laboratory (Ma et al., 2022). This study aims to explore the effects of DS002 on pain, cartilage and bone metabolism-related markers, and the changes in metabolic profile in vivo, to provide more evaluation basis for the drug development of DS002.
2 METHODS
2.1 Sample collection
The study samples were obtained from the Phase I clinical Trial Center of Nanjing Drum Tower Hospital. Blood samples from 48 healthy subjects were enrolled in this study and divided into seven different DS002 dose groups (0.5, 1, 2, 4, 7, 12, 20 mg), and 432 blood samples were collected. The samples used in this study were PK blood samples at 0 h and D4 (72 h), D8 (168 h), D15 (336 h), D29 (672 h), D43 (1008 h), D57 (1344 h), D85 (2016 h), D113 (2688 h) after administration. The collected blood samples were used to determine the changes in serum metabonomics before and at different time points after administration, and the changes of cartilage and bone metabolism-related indexes before and at different time points after administration were determined by enzyme-linked immunosorbent assay (ELISA). This study (CTR20210155) was approved by the Ethics Committee of Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School.
2.2 Subjects
The project included healthy male and female subjects aged 18–45 years, with female subjects not pregnant or breastfeeding. Enrolled subjects have a body mass index (BMI) of 19.0–26.0 kg/m2 and weigh ≥50 kg for males and ≥45 kg for females. Subjects agree to have no fertility or sperm/egg donation plans and to voluntarily use a medically recognised and effective form of contraception for the duration of the trial up to 6 months after dosing. Subjects are sufficiently aware of the content, objectives and characteristics of the study to be able to complete the study as planned and are willing to serve as subjects and are able to sign an informed consent form.
Subjects were excluded if they met any one of the following exclusion criteria: previous history of allergy or hypersensitivity; subjects with a history of osteoarthritic disease, a history of peripheral or autonomic neuropathy, a history of sensory abnormalities and hypoesthesia, a disease or history of unexplained spontaneous bleeding and/or post-traumatic hemorrhage with more than one bleed, a history of thyroid dysfunction or thyroid hormone abnormality, a history of a malignant neoplasm or a history of malignant neoplasms, an individual with an inherited immunodeficiency, or a family history of inherited immunodeficiencies; smokers, alcoholics or drug users; subjects should not take any prescription drugs, over-the-counter medications, or natural health supplements for 14 days prior to screening.
2.3 Sample preparation, instrument conditions and data analysis of metabolomics
The specific steps of sample processing were as follows: take 100 μL serum and add 400 μL methanol solution containing isotope internal standard. The samples were shaken for 3 min at 18,000 rpm*10 min and centrifuged at 4°C. 400 μL of the supernatant was transferred to an EP tube and centrifuged again in the same way. 100 μL of the supernatant was taken and 10 μL of the sample was injected. An equal volume of all samples was mixed to prepare quality control samples (QC). QC samples are part of the system regulation and quality control process. The processing and testing of QC samples are similar to those of the analyzed samples, which helps to obtain reliable and high-quality metabolomics data.
LC-TOF/MS instrument conditions:the chromatographic column was Waters HSS T3 (2.1 mm × 100 mm, 1.8 um), the flow rate was 0.3 mL/min, the column temperature was 40°C, and the mobile phase was A: water phase (0.1% formic acid-water). B: organic phase (acetonitrile), MS scanning range: 50 to 1,200 Da. LC-MS/MS instrument conditions: the chromatographic column was Waters HSS T3 (2.1 mm × 100 mm, 1.8 um), the flow rate was 3 mL/min, the column temperature was 40°C, the mobile phase A was 0.1% formic acid water, and the mobile phase B was 0.1% formic acid acetonitrile. Gradient elution: mobile phase B was 10% (0.00–1.00 min), 10%–90% (1.00–9.00 min), 90% (9.00–12.00 min), 90%–10% (12.00–12.10 min), 10% (12.10–15.00 min), the injection volume was 5 uL per injection.
Based on the metabolomics data obtained by LC-TOF/MS, the raw data were converted into mzXML format by MSconvert software. Subsequent analyses were performed using the tidymass package installed in the R project (version >4.2.2). GraphPad Prism 9.0.0 software was used for statistical analysis based on the metabolomics data obtained by LC-MS/MS. Data were expressed as mean and standard deviation, and differences between groups were analyzed by one-way analysis of variance (ANOVA). Differences between all groups were compared first, and then between two pairs. p < 0.05 was considered significant in all statistical tests.
2.4 ELISA method and data analysis
The three kits of hyaluronic acid (HA), cartilage oligomeric matrix protein (COMP), and collagen type II (COL2α1) used in this study were purchased from Signalway Antibody (SAB, United States). The three kits of matrix metalloproteinase-3 (MMP-3), human bone-derived alkaline phosphatase (BAP), and tartrate-resistant acid phosphatase (TRACP-5) were purchased from Shanghai Jining Industrial Co., LTD. Sample testing procedures were performed exactly according to the instructions included with each kit. The data were analyzed by GraphPad Prism 9.0.0 software.
3 RESULTS
3.1 Non-targeted metabolomics to screen small molecule metabolites related to pain
PLS-DA and OPLS-DA are supervised multivariate data analysis and belong to model methods. They use partial least squares regression to establish the relationship model between metabolite expression and sample type to reduce the data dimension. This supervised mode can better establish the relationship between samples and better obtain the different information between groups. In this study, PLS-DA and OPLS-DA results of each dose group showed that the pre-administration and the post-administration could be significantly separated in Electrospray ionization positive ion mode (ESI+) and Electrospray ionization negative ion mode (ESI-) (Figures 1A–G, 2A–G, 3A–G, 4A–G), suggesting that DS002 had A significant effect on the metabolism of the body. There was no over-fitting in the models of each group, and the prediction performance was good, indicating that the results were more accurate. Multivariate analysis was used to analyze the control and administration groups of different dose groups, and the differential metabolites between the control and administration groups were screened by setting the range of change fold and significance. We found that the levels of metabolites in vivo increased or decreased after administration of DS002. KEGG database was used to perform metabolic pathway enrichment analysis of differential metabolites in each dose group, and the pathways involved in each dose group were: 0.5 mg: Phenylalanine, tyrosine and tryptophan biosynthesis, Phenylalanine metabolism, Histidine metabolism, Primary bile acid biosynthesis, Aminoacyl-trna biosynthesis; 1 mg: Caffeine metabolism, Linoleic acid metabolism, α-linoleic acid metabolism, Arachidonic acid metabolism, Glycerophospholipid metabolism; 2 mg: Phenylalanine metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis, Aminoacyl-tRNA biosynthesis, Primary bile acid biosynthesis, Ubiquinone and other terpene quinone biosynthesis, Sphingolipid metabolism, Arginine and proline metabolism, Tyrosine metabolism; 4 mg: Phenylalanine metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis, Ubiquinone and other terpene quinone biosynthesis, Caffeine metabolism, Sphingolipid metabolism, Primary bile acid biosynthesis, Tyrosine metabolism, Purine metabolism; 7 mg: Phenylalanine metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis, Linoleic acid metabolism, Caffeine metabolism, Aminoacyl-tRNA biosynthesis, Ubiquinone and other terpene quinone biosynthesis, Pyrimidine metabolism, Tyrosine metabolism; 12 mg: Unsaturated fatty acid biosynthesis, Linoleic acid metabolism, Phenylalanine, tyrosine and tryptophan biosynthesis, Phenylalanine metabolism, Citrate cycle (TCA), Alanine, aspartate and glutamate metabolism, Glyoxylate and dicarboxylic acid metabolism, Glycerophospholipid metabolism; 20 mg: Aminoacyl-tRNA biosynthesis, Phenylalanine, tyrosine and tryptophan biosynthesis, Arginine biosynthesis, Arginine and proline metabolism, Glutathione and glutamate metabolism, Glutathione metabolism, Ubiquinone and other terpene quinone biosynthesis, Phenylalanine metabolism, Alanine, aspartate and glutamate metabolism, Tyrosine metabolism (Figure 5). It is worth noting that aromatic amino acid metabolic pathways were found in the differential metabolic pathways of the six dose groups, and aromatic amino acids mainly included tyrosine, phenylalanine and tryptophan. Finally, the differential metabolites were summarized in the form of Venn diagram through the website Bioinformatics. Tryptophan was found in the differential metabolites of the five dose groups under ESI+ and ESI- modes (Figure 6). The compounds contained in each color region are listed in Supplementary Tables S1, S2. Therefore, aromatic amino acids were selected for the next targeted metabolomics analysis.
[image: Figure 1]FIGURE 1 | PLSDA plots of samples in ESI + mode before and after administration in different dose groups. The doses were 0.5 mg panel (A), 1 mg panel (B), 2 mg panel (C), 4 mg panel (D), 7 mg panel (E), 12 mg panel (F), and 20 mg panel (G).The red color represents the serum sample collected at 168 h after administration, which is the post-administration. The green represents the serum sample collected at 0 h before administration, which is the pre-administration.
[image: Figure 2]FIGURE 2 | PLSDA plots of samples in ESI-mode before and after administration in different dose groups. The doses were 0.5 mg panel (A), 1 mg panel (B), 2 mg panel (C), 4 mg panel (D), 7 mg panel (E), 12 mg panel (F), and 20 mg panel (G). The red dots represent the serum samples collected at 168 h after administration, which is the post-administration. The green dots represent the serum samples collected at 0 h before administration and are the pre-administration.
[image: Figure 3]FIGURE 3 | OPLS-DA plots of samples in ESI + mode before and after administration in different dose groups. The doses were 0.5 mg panel (A), 1 mg panel (B), 2 mg panel (C), 4 mg panel (D), 7 mg panel (E), 12 mg panel (F), and 20 mg panel (G). The red dots represent the serum samples collected at 168 h after administration, which is the post-administration. The green dots represent the serum samples collected at 0 h before administration and are the pre-administration.
[image: Figure 4]FIGURE 4 | OPLS-DA plots of samples in ESI-mode before and after administration in different dose groups. The doses were 0.5 mg panel (A), 1 mg panel (B), 2 mg panel (C), 4 mg panel (D), 7 mg panel (E), 12 mg panel (F), and 20 mg panel (G). The red dots represent the serum samples collected at 168 h after administration, which is the post-administration. The green dots represent the serum samples collected at 0 h before administration and are the pre-administration.
[image: Figure 5]FIGURE 5 | KEGG enrichment analysis of relevant pathways in different administration dose groups. Scatter plot of pathways enriched by important differential metabolites. The X-axis and size of a node indicate the influence of that path in the topological analysis pathway, and the Y-axis and color of a node indicate statistical significance. The doses were 0.5 mg panel (A), 1 mg panel (B), 2 mg panel (C), 4 mg panel (D), 7 mg panel (E), 12 mg panel (F), and 20 mg panel (G).
[image: Figure 6]FIGURE 6 | Common differential metabolites of five drug dose groups (2, 4, 7, 12, and 20 mg) in ESI+ and ESI-mode were screened by Venn diagram. Each colour area represents a dose group, numbers in individual colour areas indicate the number of different metabolites in that dose group, and numbers in overlapping colour areas indicate the number of metabolites that are common to two or more dose groups. The numbers in the centre of the graph indicate the number of metabolites shared among the five groups, and the Supplementary Table S1 lists the metabolites for each dose group. (A): ESI + mode; (B) ESI-mode.
3.2 Targeted metabolomics for accurate quantification of aromatic amino acids and their metabolites
Based on the results of non-targeted metabolomics experiments, we first established a targeted determination method for aromatic amino acids by liquid chromatography-tandem mass spectrometry. We used targeted metabolomics to accurately quantify aromatic amino acids and their metabolites. Statistical analysis of the targeted metabolomics data revealed that changes in important metabolites were statistically significant only in the highest administered dose group. The results showed that after administration of 20 mg, the concentrations of L-phenylalanine and 5-hydroxytryptophan decreased after administration; the concentrations of 3-indolepropionic acid, tryptamine hydrochloride, Kynurenic acid, and kynurenine increased first and then decreased (Figures 7A–F). The levels of these metabolites were then quantified in the placebo group and showed different trends between the placebo group and the treated group (Supplementary Figure S1). Therefore, we hypothesise that changes in these metabolites may be related to the effects of DS002 on pain, and that changes in these metabolites may stimulate the antisensory potential of the organism.
[image: Figure 7]FIGURE 7 | Analysis of concentration trends of important metabolites in vivo. Line graphs (A) L-phenylalanine, (B) L-5-hydroxytryptophan, (C) Indole-3-propionic acid, (D) 5-Hydroxytryptamine hydrochloride, (E) Kynurenic acid and (F) L-kynurenine describe the changing trend of each differential metabolite with administration time. * indicates p < 0.05.
3.3 Changes in cartilage and bone metabolism-related indicators
Identifying the blood levels and distribution of different markers related to cartilage and bone metabolism can help to assess the risk of osteoarthritis. In our study, the concentrations of serum-related markers of cartilage and bone metabolism were determined before and after DS002 administration. The results showed that the serum concentrations of the six indicators related to cartilage and bone did not differ significantly with the changes in dose and time of administration (Figures 8A–F), indicating that DS002 had no significant effect on the markers related to cartilage and bone metabolism. So, we hypothesized that DS002 might not cause the serious adverse effects of joint necrosis and rapidly worsening osteoarthritis caused by the same target drug class.
[image: Figure 8]FIGURE 8 | Analysis of the trend changes of markers related to cartilage and bone metabolism over time and dosing increments.Scatter plot (A) Hyaluronic acid (HA), (B) TypeⅡcollagen (COLII), (C) Cartilage oligomeric matrix protein (COMP), (D) Bone-specific alkaline phosphatase (BAP), (E) Matrix metalloproteinase 3 (MMP-3), and (F) tartrate-resistant acid phosphatase 5b (TRACP-5b) depict the trends of each marker as a function of administration time and dose.
4 DISCUSSION
Pain is a common problem and is the main reason people seek medical care. But satisfactory clinical protocols for the treatment of pain remain elusive. Anti-NGF monoclonal antibody is a new class of analgesic drugs. In the studies that have been done on the treatment of pain with this class of drugs, it has shown high efficacy in the treatment of pain, far exceeding the efficacy of existing drugs, and is non-addictive. In vitro studies showed that DS002 successfully blocked the binding of NGF and TrkA receptors, thereby blocking the transmission of pain signals. DS002, as a novel analgesic drug targeting NGF, has the potential to become a new generation of drugs for treating chronic pain, nevertheless, previous studies have shown that co-targeted drugs of DS002 cause serious adverse effects on joints. In addition, the results of our Phase I clinical trial demonstrated that DS002 did not experience dose-limiting toxicity in terms of safety and did not meet dose-escalation termination criteria in the range of 0.5–20 mg administered (Ma et al., 2022). Five subjects developed arthralgia during the course of the trial, four subjects treated with DS002 (one in the 4.0 dose group, one in the 12.0 dose group, and two in the 20.0 mg dose group) and one in the placebo group, although the symptoms that developed were medically diagnosed to be mild, and all eventually resolved without intervention. No serious bone and joint events or peripheral neuropathy/sensory abnormalities were noted throughout the trial. Rapidly progressive arthritis (RPOA) was not observed even when the drug was administered at high doses. As this was the most prominent concern when the FDA shelved the development programme for similar anti-NGF drugs. Therefore, in the present study, we continued to investigate the effects of DS002 on cartilage and bone metabolism-related markers to better clarify whether it produces the same target drug-induced adverse effects in the joints and to discuss its safety in healthy subjects. Meanwhile, this study also explores the changes in metabolite levels in healthy subjects after taking DS002 from the perspective of blood metabolomics, and links the changes in metabolites to the mechanism of pain occurrence, to explore the reasons for the therapeutic effect of DS002, and to provide more scientific basis for advancing the marketing of DS002.
Previous Tanezumab clinical trial data showed joint adverse effects, including osteonecrosis and rapidly worsening osteoarthritis, in the same class as DS002 (Jayabalan and Schnitzer, 2017). Hyaluronic acid (HA) is the main component of the cartilage matrix, which can bind to CD44 receptors, thereby inhibiting the expression of interleukin (IL) 1β and reducing the production of matrix metalloproteinase 3 (MMP-3) (Karna et al., 2008). HA can enter the peripheral blood circulation through lymphatic circulation, and the expression level of HA is positively correlated with the severity of arthritis. Matrix metalloproteinases (MMPs) have been reported to play an essential role in the pathogenesis of osteoarthritis, as they are involved in the degradation of all matrices outside the cell except polysaccharides (Grillet et al., 2023; Murphy et al., 2002). Among them, MMP-3 is the most important protease involved in cartilage degradation, which can be regulated by IL-1 and TNF-α cytokines (Shi et al., 2022), followed by activation of other interstitial collagenases to degrade type II collagen (COL II), accelerates cartilage destruction. COL II is the main extracellular matrix protein in cartilage, and its degraded fragments will further accelerate the progression of osteoarthritis, promote the degradation of COL II, and accelerate the destruction of cartilage (Poole et al., 2002). Cartilage oligomeric matrix protein (COMP) is secreted by osteoblasts and synovium cells and is related to cartilage metabolism. After articular cartilage injury, cartilage matrix degradation produces COMP, which can be released into the blood (Maly et al., 2021). Bone alkaline phosphatase (BAP) is secreted by osteoblasts during the maturation stage and binds to bone matrix after being secreted to the extracellular space. It is a special sensitive index reflecting bone formation. In osteoporosis, bone calcification is insufficient. Osteoblasts proliferate actively and cannot transform into osteocytes. Osteoblasts proliferate actively and secrete a large amount of BAP into the blood. Tartrate resistant acid phosphatase 5b (TRACP-5b) is an enzyme secreted by activated bone calpain and is a good marker of bone resorption and osteoclast activity. Its concentration can be measured to understand bone metabolism status (Terpos et al., 2005). In this study, the concentrations of HA, MMP-3, COLII, COMP, BAP, TRACP-5b, which are related to cartilage and bone metabolism, did not change significantly over time in healthy subjects after treatment of different doses of DS002. These results indicated that the administration of monoclonal antibody DS002 did not cause fluctuations in the content of metabolites related to cartilage and bone metabolism, indicating that DS002 had no significant effect on the relevant parameters of cartilage and bone metabolism.
When pain occurs, a series of changes are reflected in the body’s metabolites. Specific blood, urine, and saliva biomarkers can be used to determine the degree of risk of chronic pain and can be used as prognostic markers of pain progression and treatment response (Hagedorn et al., 2021). In the present study, we measured the therapeutic effect of DS002 by investigating the blood metabolic profile. After DS002 administration, the body’s metabolism was significantly affected. The changes in metabolites involved in different metabolic pathways. According to previous studies, the metabolites in these metabolic pathways have been shown to be related to the occurrence and development of different pain. For example, researchers have found a link between amino acid metabolism and pain (Alexander et al., 2013; Teckchandani et al., 2021), the ratio of tryptophan to kynurenine is increased during back pain (Staats Pires et al., 2020), glutamate levels increase with the onset of fibromyalgia (Clos-Garcia et al., 2019), phosphocholine, alanine, and taurine are elevated in neuropathic pain (Finco et al., 2016). As the occurrence of pain is accompanied by a series of symptoms, different metabolic pathways can also indirectly affect pain. Studies have shown that the methionine metabolism pathway is related to sleep problems, and the glutathione metabolism pathway is related to obesity, and pain, sleep and obesity affect each other (Suzuki et al., 2015; Miettinen et al., 2019), so the imbalance of these two pathways will also affect pain. So we propose that the treatment of pain with DS002 may have a relationship to changes in these pathways. In our results, aromatic amino acid metabolic pathways account for the most significant proportion, such as the biosynthesis of phenylalanine, tyrosine, and tryptophan, as well as phenylalanine and tyrosine metabolism. These results may be relevant to the treatment of pain with DS002, because the amino acid metabolic pathway is related to the basal metabolic recovery of the body, and correct regulation reduces inflammatory response and affects nerve conduction. In addition, amino acids are the main substrate for producing neurotransmitters, and neurotransmitter-mediated pain regulation is the primary way.
Phenylalanine and tryptophan are essential amino acids for the human body and belong to the aromatic amino acids. Most phenylalanine in the body is oxidized to tyrosine, an amino acid associated with analgesic neurotransmitters, through the catalytic action of phenylalanine hydrogenase. The pathophysiological mechanisms underlying the onset and resolution of pain are intricate, and many different neurotransmitter systems are involved in the transmission, processing, and control of pain (Millan, 2002). In previous studies, Amino acid metabolites, including L-tryptophan, L-histidine, and L-tyrosine, were significantly decreased in the brain of pain model mice, suggesting that neuropathic pain may be promoted by the reduction of amino acids related to analgesic neurotransmitters. Therefore, we infer that the in vivo metabolic conversion of PHE to amino acids related to analgesic neurotransmitters would be involved in the therapeutic effect of DS002. Tryptophan is an essential amino acid for generating and maintaining proteins, muscles, enzymes, and neurotransmitters in the human body (Körtési et al., 2022). The tryptophan metabolism pathway includes the kynurenine, serotonin, and indole pathways. Changes in tryptophan levels can lead to imbalances in the synthesis and metabolism of downstream metabolites, which may be related to the pathological and physiological mechanisms of neurological and psychiatric diseases (Comai et al., 2020). Recent studies have shown that the dysregulation of the kynurenine pathway and the changes of metabolites in its pathway are associated with neurotoxicity and inflammation, and many metabolites are associated with chronic pain (Tanaka et al., 2021). Tryptophan enters the kynurenine metabolic pathway through indoleamine 2, 3-dioxygenase (IDO) and tryptophan 2, 3-dioxygenase (TDO) and generates kynurenine, which is irreversibly converted to kynurenic acid (KA) by kynurenine aminotransferase (KATs) (Schwarcz et al., 2012). KA is a neuroactive metabolite which belongs to the antiexcitotoxin and has neuroprotective effects (Fehér et al., 2019). The activity of KA at different targets is the primary mechanism by which it achieves specific functions. KA exerts its neuroprotective effect by antagonizing NMDA receptors (Birch et al., 1988), and previous studies have shown that marked reductions in neuroprotective metabolites occur in patients with psychiatric disorders (Athnaiel et al., 2022). KA interacts with g protein-coupled receptor 35 (GPR35) to indirectly reduce inflammation (Wirthgen et al., 2017), which is highly correlated with chronic pain. Thus, the neuroprotective and inflammatory response effects of KA suggest elevated levels of KA and other metabolites with similar properties when treating chronic pain symptoms.
In recent years, a great deal of research has been conducted on the role of 5-HT in chronic pain states.5-HT is metabolised in the body by: the small amount of tryptophan in the body is catalyzed by tryptophan hydroxylase (TPH) to generate 5-hydroxytryptophan (5-HTP). The aromatic L-amino acid decarboxylase interacts with the cofactor Pyridoxal 5-phosphate to convert 5-HTP to 5-hydroxytryptamine (5-HT) (Daubert and Condron, 2010). 5-HT, also known as serotonin, is an excitatory neurotransmitter in the human central nervous system, which causes the contraction of vascular smooth muscle, thereby potentially regulating pain (Taylor and Basbaum, 1995; Xue et al., 2023). Endogenous 5-HT was released in response to tissue injury in mast cells, platelets and endothelial cells, while multiple neuronal 5-HT receptors were detected in the periphery, suggesting that 5-HT can interfere with injurious transmission at peripheral sites (Bardin, 2011). Previous studies have also pointed to the complex relationship between 5-HT and pain, for example: intradermal administration of 5-HT to rats causes dose-dependent nociceptive hypersensitivity (Taiwo and Levine, 1992); plantar injections of 5-HT result in plantar oedema and intense flinching and licking behaviour (Sufka et al., 1992); In healthy volunteers, intradermal injections of low concentrations of 5-HT produced burning pain (Lischetzki et al., 2001), while injections into the mandibular occlusal muscle produced nociceptive hypersensitivity (Ernberg et al., 2000); Furthermore, In a carrageenan inflammatory pain model, administration of the 5-HT3 antagonist ICS-205930 by plantar administration at different times resulted in complete suppression of nociceptive hypersensitivity to foot inflammation, a process accompanied by 5-HT release (Eschalier et al., 1989). Taken together, these studies suggest that 5-HT release sensitises sensory nerve fibres in response to inflammation or tissue damage and promotes peripheral sensitisation through direct or indirect mechanisms. It has been shown that patients with chronic pain exhibit weaker endogenous pain inhibitory processes compared to pain-free individuals, and that the involvement of downward inhibition may represent an endogenous mechanism to prevent the chronicisation of pain (Ossipov et al., 2014). In vivo, the periaqueductal grey matter (PAG) is a brain region capable of activating endogenous pain inhibitory systems, and the PAG influences downstream pain modulation primarily through its interconnections with the rostral ventromedial medulla (RVM) (Ossipov et al., 2014), whereas the activation of downstream projections from the RVM induces the release of serotonin (Foo and Mason, 2003; Wei et al., 2010; Hossaini et al., 2012). 5-HT can exhibit both pro- and antinociception throughout, depending on the subtype of 5-HT receptor it activates, with activation of 5-HT1A, 5-HT1B, 5-HT1D, and 5-HT7 receptors tending to be antinociceptive, and 5-HT2A and 5-HT3 receptors tending to be proinjury sensory (Suzuki et al., 2004; Sasaki et al., 2006; Bannister et al., 2009; Dogrul et al., 2009); there is also a large body of research pointing to the inhibitory and facilitatory effects of the downstream 5-HT pathway on spinal neuronal excitability and pain-related behaviours, depending on the acute or persistent pain state (Bardin, 2011). In conclusion, these results suggest that 5-TH and the downstream 5-TH pathway play an important role in pain transmission in a complex pathological manner.
A minimal amount of tryptophan in the body can also be converted into indole and its derivatives, such as indole-3-acetic acid, indole-3-propionic acid, etc. under the action of the gut microbiota (Wei et al., 2021). Indole and its derivatives can contribute to the regulation of inflammatory responses (Venkatesh et al., 2014), which are highly correlated with the occurrence of pain. Therefore, indole and its derivatives can also affect the progression of pain. In addition, the gut microbiota is also an important regulator of visceral pain. In recent years, it has been found that the gut microbiota also plays a crucial role in chronic pain (Guo et al., 2019). In summary, these associations potentially suggest a correlation between changes in metabolite levels and the efficacy of DS002 in treating pain.
From the above, our findings suggest that DS002 has greater advantages in the treatment of pain compared with the existing drugs and the drugs in the same target class as DS002. Of course, the study has limitations. Our method of administration is a single dose in healthy people, which is different from clinical drug administration. Therefore, the application of DS002 in the clinical treatment of pain needs to be further explored.
5 CONCLUSION
Our results showed that DS002 caused the changes in the aromatic amino acid metabolic pathway in subjects treated with it. Among them, the changes in the concentration of L-phenylalanine, 5-hydroxytryptophan, 5-hydroxytryptamine, kynurenic acid, kynurenine, and indole-3-propionic acid may be related to the therapeutic effect of DS002 for treating pain. After administration, there were no significant changes in cartilage and bone metabolism indicators, and we preliminarily speculate that DS002 will not produce severe adverse reactions as the same target class of drugs. Our research provides a specific basis for DS002, and aromatic amino acids and their metabolites may serve as biomarkers for treating pain. Combined with the clinical results of the previous study of DS002 in our laboratory, it can more strongly demonstrate the enormous potential of anti-NGF drugs represented by DS002 in treating pain.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by Ethics Committee of Nanjing Drum Tower Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
DJ: Data curation, Formal Analysis, Methodology, Resources, Software, Writing–original draft, Writing–review and editing. HY: Data curation, Resources, Software, Writing–original draft. ZC: Data curation, Formal Analysis, Methodology, Resources, Software, Writing–original draft. YH: Data curation, Formal Analysis, Resources, Software, Validation, Writing–original draft. HM: Data curation, Formal Analysis, Methodology, Resources, Writing–original draft. ZX: Data curation, Formal Analysis, Methodology, Resources, Software, Writing–original draft. BC: Conceptualization, Investigation, Supervision, Validation, Visualization, Writing–original draft. FF: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Resources, Supervision, Validation, Writing–original draft. YZ: Data curation, Formal Analysis, Resources, Software, Writing–original draft. WW: Conceptualization, Formal Analysis, Investigation, Project administration, Resources, Visualization, Writing–original draft. LT: Formal Analysis, Investigation, Project administration, Resources, Software, Visualization, Writing–original draft. RS: Data curation, Formal Analysis, Investigation, Methodology, Resources, Software, Supervision, Validation, Visualization, Writing–review and editing, Writing–original draft. CW: Funding acquisition, Project administration, Supervision, Validation, Visualization, Writing–original draft, Writing–review and editing. JL: Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Resources, Software, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The project was funded by the National Natural Science Foundation of China (31371399).
ACKNOWLEDGMENTS
The authors would like to thank the following people for their contributions: All volunteers who participated in this study and all the investigators.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1396790/full#supplementary-material
REFERENCES
 Alexander, G. M., Reichenberger, E., Peterlin, B. L., Perreault, M. J., Grothusen, J. R., and Schwartzman, R. J. (2013). Plasma amino acids changes in complex regional pain syndrome. Pain Res. Treat. 2013, 742407. doi:10.1155/2013/742407
 Athnaiel, O., Ong, C., and Knezevic, N. N. (2022). The role of kynurenine and its metabolites in comorbid chronic pain and depression. Metabolites 12 (10), 950. doi:10.3390/metabo12100950
 Bannister, K., Bee, L. A., and Dickenson, A. H. (2009). Preclinical and early clinical investigations related to monoaminergic pain modulation. Neurotherapeutics 6 (4), 703–712. doi:10.1016/j.nurt.2009.07.009
 Bardin, L. (2011). The complex role of serotonin and 5-HT receptors in chronic pain. Behav. Pharmacol. 22 (5-6), 390–404. doi:10.1097/FBP.0b013e328349aae4
 Basbaum, A. I., Bautista, D. M., Scherrer, G., and Julius, D. (2009). Cellular and molecular mechanisms of pain. Cell 139 (2), 267–284. doi:10.1016/j.cell.2009.09.028
 Birch, P. J., Grossman, C. J., and Hayes, A. G. (1988). Kynurenic acid antagonises responses to NMDA via an action at the strychnine-insensitive glycine receptor. Eur. J. Pharmacol. 154 (1), 85–87. doi:10.1016/0014-2999(88)90367-6
 Clos-Garcia, M., Andrés-Marin, N., Fernández-Eulate, G., Abecia, L., Lavín, J. L., van Liempd, S., et al. (2019). Gut microbiome and serum metabolome analyses identify molecular biomarkers and altered glutamate metabolism in fibromyalgia. EBioMedicine 46, 499–511. doi:10.1016/j.ebiom.2019.07.031
 Cohen, S. P., Vase, L., and Hooten, W. M. (2021). Chronic pain: an update on burden, best practices, and new advances. Lancet 397 (10289), 2082–2097. doi:10.1016/S0140-6736(21)00393-7
 Comai, S., Bertazzo, A., Brughera, M., and Crotti, S. (2020). Tryptophan in health and disease. Adv. Clin. Chem. 95, 165–218. doi:10.1016/bs.acc.2019.08.005
 Dahlhamer, J., Lucas, J., Zelaya, C., Nahin, R., Mackey, S., DeBar, L., et al. (2018). Prevalence of chronic pain and high-impact chronic pain among adults - United States, 2016. MMWR Morb. Mortal. Wkly. Rep. 67 (36), 1001–1006. doi:10.15585/mmwr.mm6736a2
 Daubert, E. A., and Condron, B. G. (2010). Serotonin: a regulator of neuronal morphology and circuitry. Trends Neurosci. 33 (9), 424–434. doi:10.1016/j.tins.2010.05.005
 Dogrul, A., Ossipov, M. H., and Porreca, F. (2009). Differential mediation of descending pain facilitation and inhibition by spinal 5HT-3 and 5HT-7 receptors. Brain Res. 1280, 52–59. doi:10.1016/j.brainres.2009.05.001
 Ernberg, M., Lundeberg, T., and Kopp, S. (2000). Pain and allodynia/hyperalgesia induced by intramuscular injection of serotonin in patients with fibromyalgia and healthy individuals. Pain 85 (1-2), 31–39. doi:10.1016/s0304-3959(99)00233-x
 Eschalier, A., Kayser, V., and Guilbaud, G. (1989). Influence of a specific 5-HT3 antagonist on carrageenan-induced hyperalgesia in rats. Pain 36 (2), 249–255. doi:10.1016/0304-3959(89)90030-4
 Fehér, E., Szatmári, I., Dudás, T., Zalatnai, A., Farkas, T., Lőrinczi, B., et al. (2019). Structural evaluation and electrophysiological effects of some kynurenic acid analogs. Molecules 24 (19), 3502. doi:10.3390/molecules24193502
 Finco, G., Locci, E., Mura, P., Massa, R., Noto, A., Musu, M., et al. (2016). Can urine metabolomics Be helpful in differentiating neuropathic and nociceptive pain? A proof-of-concept study. PLoS One 11 (3), e0150476. doi:10.1371/journal.pone.0150476
 Foo, H., and Mason, P. (2003). Brainstem modulation of pain during sleep and waking. Sleep. Med. Rev. 7 (2), 145–154. doi:10.1053/smrv.2002.0224
 González-Domínguez, R., Jáuregui, O., Mena, P., Hanhineva, K., Tinahones, F. J., Angelino, D., et al. (2020). Quantifying the human diet in the crosstalk between nutrition and health by multi-targeted metabolomics of food and microbiota-derived metabolites. Int. J. Obes. (Lond) 44 (12), 2372–2381. doi:10.1038/s41366-020-0628-1
 Grillet, B., Pereira, R. V. S., Van Damme, J., Abu El-Asrar, A., Proost, P., and Opdenakker, G. (2023). Matrix metalloproteinases in arthritis: towards precision medicine. Nat. Rev. Rheumatol. 19 (6), 363–377. doi:10.1038/s41584-023-00966-w
 Guo, R., Chen, L.-H., Xing, C., and Liu, T. (2019). Pain regulation by gut microbiota: molecular mechanisms and therapeutic potential. Br. J. Anaesth. 123 (5), 637–654. doi:10.1016/j.bja.2019.07.026
 Hagedorn, J. M., Gunn, J., Budwany, R., D'Souza, R. S., Chakravarthy, K., and Deer, T. R. (2021). How well do current laboratory biomarkers inform clinical decision-making in chronic pain management?J. Pain Res. 14, 3695–3710. doi:10.2147/JPR.S311974
 Hirose, M., Kuroda, Y., and Murata, E. (2016). NGF/TrkA signaling as a therapeutic target for pain. Pain Pract. 16 (2), 175–182. doi:10.1111/papr.12342
 Hossaini, M., Goos, J. A. C., Kohli, S. K., and Holstege, J. C. (2012). Distribution of glycine/GABA neurons in the ventromedial medulla with descending spinal projections and evidence for an ascending glycine/GABA projection. PLoS One 7 (4), e35293. doi:10.1371/journal.pone.0035293
 Jayabalan, P., and Schnitzer, T. J. (2017). Tanezumab in the treatment of chronic musculoskeletal conditions. Expert Opin. Biol. Ther. 17 (2), 245–254. doi:10.1080/14712598.2017.1271873
 Jeyarajah, E. J., Cromwell, W. C., and Otvos, J. D. (2006). Lipoprotein particle analysis by nuclear magnetic resonance spectroscopy. Clin. Lab. Med. 26 (4), 847–870. doi:10.1016/j.cll.2006.07.006
 Karna, E., Miltyk, W., Surazyński, A., and Pałka, J. A. (2008). Protective effect of hyaluronic acid on interleukin-1-induced deregulation of beta1-integrin and insulin-like growth factor-I receptor signaling and collagen biosynthesis in cultured human chondrocytes. Mol. Cell Biochem. 308 (1-2), 57–64. doi:10.1007/s11010-007-9612-5
 Körtési, T., Spekker, E., and Vécsei, L. (2022). Exploring the tryptophan metabolic pathways in migraine-related mechanisms. Cells 11 (23), 3795. doi:10.3390/cells11233795
 Landreth, G. E., and Shooter, E. M. (1980). Nerve growth factor receptors on PC12 cells: ligand-induced conversion from low-to high-affinity states. Proc. Natl. Acad. Sci. U. S. A. 77 (8), 4751–4755. doi:10.1073/pnas.77.8.4751
 Levi-Montalcini, R. (1952). Effects of mouse tumor transplantation on the nervous system. Ann. N. Y. Acad. Sci. 55 (2), 330–344. doi:10.1111/j.1749-6632.1952.tb26548.x
 Lischetzki, G., Rukwied, R., Handwerker, H. O., and Schmelz, M. (2001). Nociceptor activation and protein extravasation induced by inflammatory mediators in human skin. Eur. J. Pain 5 (1), 49–57. doi:10.1053/eujp.2000.0214
 Ma, T., Cao, B., Huang, L., Yang, Y., Geng, Y., Xie, P., et al. (2022). First-in-human study to assess the safety, tolerability, pharmacokinetics and immunogenicity of DS002, an anti-nerve growth factor monoclonal antibody. Front. Pharmacol. 13, 1075309. doi:10.3389/fphar.2022.1075309
 Maly, K., Andres Sastre, E., Farrell, E., Meurer, A., and Zaucke, F. (2021). COMP and TSP-4: functional roles in articular cartilage and relevance in osteoarthritis. Int. J. Mol. Sci. 22 (5), 2242. doi:10.3390/ijms22052242
 Miettinen, T., Kautiainen, H., Mäntyselkä, P., Linton, S. J., and Kalso, E. (2019). Pain interference type and level guide the assessment process in chronic pain: categorizing pain patients entering tertiary pain treatment with the Brief Pain Inventory. PLoS One 14 (8), e0221437. doi:10.1371/journal.pone.0221437
 Miettinen, T., Mäntyselkä, P., Hagelberg, N., Mustola, S., Kalso, E., and Lötsch, J. (2021). Machine learning suggests sleep as a core factor in chronic pain. Pain 162 (1), 109–123. doi:10.1097/j.pain.0000000000002002
 Millan, M. J. (2002). Descending control of pain. Prog. Neurobiol. 66 (6), 355–474. doi:10.1016/s0301-0082(02)00009-6
 Murphy, G., Knauper, V., Atkinson, S., Butler, G., English, W., Hutton, M., et al. (2002). Matrix metalloproteinases in arthritic disease. Arthritis Res. 4 (3), S39–S49. doi:10.1186/ar572
 Ossipov, M. H., Morimura, K., and Porreca, F. (2014). Descending pain modulation and chronification of pain. Curr. Opin. Support Palliat. Care 8 (2), 143–151. doi:10.1097/SPC.0000000000000055
 Paul, A. K., Smith, C. M., Rahmatullah, M., Nissapatorn, V., Wilairatana, P., Spetea, M., et al. (2021). Opioid analgesia and opioid-induced adverse effects: a review. Pharm. (Basel) 14 (11), 1091. doi:10.3390/ph14111091
 Poole, A. R., Kobayashi, M., Yasuda, T., Laverty, S., Mwale, F., Kojima, T., et al. (2002). Type II collagen degradation and its regulation in articular cartilage in osteoarthritis. Ann. Rheum. Dis. 61 (2), ii78–ii81. doi:10.1136/ard.61.suppl_2.ii78
 Raja, S. N., Carr, D. B., Cohen, M., Finnerup, N. B., Flor, H., Gibson, S., et al. (2020). The revised International Association for the Study of Pain definition of pain: concepts, challenges, and compromises. Pain 161 (9), 1976–1982. doi:10.1097/j.pain.0000000000001939
 Sasaki, M., Obata, H., Kawahara, K., Saito, S., and Goto, F. (2006). Peripheral 5-HT2A receptor antagonism attenuates primary thermal hyperalgesia and secondary mechanical allodynia after thermal injury in rats. Pain 122 (1-2), 130–136. doi:10.1016/j.pain.2006.01.021
 Schwarcz, R., Bruno, J. P., Muchowski, P. J., and Wu, H.-Q. (2012). Kynurenines in the mammalian brain: when physiology meets pathology. Nat. Rev. Neurosci. 13 (7), 465–477. doi:10.1038/nrn3257
 Shi, B., Guo, X., Iv, A., Zhang, Z., and Shi, X. (2022). Polymorphism of MMP-3 gene and imbalance expression of MMP-3/TIMP-1 in articular cartilage are associated with an endemic osteochondropathy, Kashin- Beck disease. BMC Musculoskelet. Disord. 23 (1), 3. doi:10.1186/s12891-021-04952-9
 Staats Pires, A., Tan, V. X., Heng, B., Guillemin, G. J., and Latini, A. (2020). Kynurenine and tetrahydrobiopterin pathways crosstalk in pain hypersensitivity. Front. Neurosci. 14, 620. doi:10.3389/fnins.2020.00620
 Sufka, K. J., Schomburg, F. M., and Giordano, J. (1992). Receptor mediation of 5-HT-induced inflammation and nociception in rats. Pharmacol. Biochem. Behav. 41 (1), 53–56. doi:10.1016/0091-3057(92)90058-n
 Suzuki, K., Miyamoto, M., Miyamoto, T., Numao, A., Suzuki, S., Sakuta, H., et al. (2015). Sleep apnoea headache in obstructive sleep apnoea syndrome patients presenting with morning headache: comparison of the ICHD-2 and ICHD-3 beta criteria. J. Headache Pain 16, 56. doi:10.1186/s10194-015-0540-6
 Suzuki, R., Rygh, L. J., and Dickenson, A. H. (2004). Bad news from the brain: descending 5-HT pathways that control spinal pain processing. Trends Pharmacol. Sci. 25 (12), 613–617. doi:10.1016/j.tips.2004.10.002
 Taiwo, Y. O., and Levine, J. D. (1992). Serotonin is a directly-acting hyperalgesic agent in the rat. Neuroscience 48 (2), 485–490. doi:10.1016/0306-4522(92)90508-y
 Tanaka, M., Török, N., Tóth, F., Szabó, Á., and Vécsei, L. (2021). Co-players in chronic pain: neuroinflammation and the tryptophan-kynurenine metabolic pathway. Biomedicines 9 (8), 897. doi:10.3390/biomedicines9080897
 Taylor, B. K., and Basbaum, A. I. (1995). Neurochemical characterization of extracellular serotonin in the rostral ventromedial medulla and its modulation by noxious stimuli. J. Neurochem. 65 (2), 578–589. doi:10.1046/j.1471-4159.1995.65020578.x
 Teckchandani, S., Nagana Gowda, G. A., Raftery, D., and Curatolo, M. (2021). Metabolomics in chronic pain research. Eur. J. Pain 25 (2), 313–326. doi:10.1002/ejp.1677
 Terpos, E., Politou, M., and Rahemtulla, A. (2005). The role of markers of bone remodeling in multiple myeloma. Blood Rev. 19 (3), 125–142. doi:10.1016/j.blre.2004.06.001
 Thacker, M. A., Clark, A. K., Marchand, F., and McMahon, S. B. (2007). Pathophysiology of peripheral neuropathic pain: immune cells and molecules. Anesth. Analg. 105 (3), 838–847. doi:10.1213/01.ane.0000275190.42912.37
 The, L. (2021). Rethinking chronic pain. Lancet 397 (10289), 2023. doi:10.1016/s0140-6736(21)01194-6
 Trelle, S., Reichenbach, S., Wandel, S., Hildebrand, P., Tschannen, B., Villiger, P. M., et al. (2011). Cardiovascular safety of non-steroidal anti-inflammatory drugs: network meta-analysis. BMJ 342, c7086. doi:10.1136/bmj.c7086
 Venkatesh, M., Mukherjee, S., Wang, H., Li, H., Sun, K., Benechet, A. P., et al. (2014). Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic sensor PXR and Toll-like receptor 4. Immunity 41 (2), 296–310. doi:10.1016/j.immuni.2014.06.014
 Wei, F., Dubner, R., Zou, S., Ren, K., Bai, G., Wei, D., et al. (2010). Molecular depletion of descending serotonin unmasks its novel facilitatory role in the development of persistent pain. J. Neurosci. 30 (25), 8624–8636. doi:10.1523/JNEUROSCI.5389-09.2010
 Wei, G. Z., Martin, K. A., Xing, P. Y., Agrawal, R., Whiley, L., Wood, T. K., et al. (2021). Tryptophan-metabolizing gut microbes regulate adult neurogenesis via the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. U. S. A. 118 (27), e2021091118. doi:10.1073/pnas.2021091118
 Wirthgen, E., Hoeflich, A., Rebl, A., and Günther, J. (2017). Kynurenic acid: the janus-faced role of an immunomodulatory tryptophan metabolite and its link to pathological conditions. Front. Immunol. 8, 1957. doi:10.3389/fimmu.2017.01957
 Wishart, D. S. (2016). Emerging applications of metabolomics in drug discovery and precision medicine. Nat. Rev. Drug Discov. 15 (7), 473–484. doi:10.1038/nrd.2016.32
 Xue, C., Li, G., Zheng, Q., Gu, X., Shi, Q., Su, Y., et al. (2023). Tryptophan metabolism in health and disease. Cell Metab. 35 (8), 1304–1326. doi:10.1016/j.cmet.2023.06.004
Conflict of interest: Authors WW, LT and CW were employed by Dartsbio Pharmaceuticals, Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Jin, Yang, Chen, Hong, Ma, Xu, Cao, Fei, Zhang, Wu, Tang, Sun, Wang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1396790-g004.gif





OPS/images/fphar-15-1396790-g005.gif





OPS/images/fphar-15-1396790-g002.gif
N

NI






OPS/images/fphar-15-1396790-g003.gif
T D

RN






OPS/images/fphar-15-1396790-g008.gif





OPS/images/fphar-15-1396790-g006.gif





OPS/images/fphar-15-1396790-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effect of the novel anti-NGF monoclonal antibody DS002 on the metabolomics of pain mediators, cartilage and bone		1 Introduction

		2 Methods		2.1 Sample collection

		2.2 Subjects

		2.3 Sample preparation, instrument conditions and data analysis of metabolomics

		2.4 ELISA method and data analysis





		3 Results		3.1 Non-targeted metabolomics to screen small molecule metabolites related to pain

		3.2 Targeted metabolomics for accurate quantification of aromatic amino acids and their metabolites

		3.3 Changes in cartilage and bone metabolism-related indicators





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Effect of the novel anti-NGF
monoclonal antibody DS002 on
the metabolomics of pain
mediators, cartilage and bone





OPS/images/fphar-15-1396790-gx001.gif





OPS/images/fphar-15-1396790-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





