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Abstract

:

Although methotrexate (MTX) is the first line disease-modifying therapy used in the treatment of autoimmune arthritis, it is limited by its unpredictable and variable response profile and lack of therapeutic biomarkers to predict or monitor therapeutic response. The purpose of this work is to evaluate the utility of red blood cell (RBC) metabolite profiles to screen for molecular biomarkers associated with MTX response. Methods: Utilizing the collagen-induced arthritis mouse model, DBA/1J mice were treated with subcutaneous MTX (20 mg/kg/week) and RBC samples were collected and analyzed by semi-targeted global metabolomic profiling and analyzed by univariate analysis. Results: MTX treatment normalized the following RBC metabolite levels that were found to be altered by disease induction: N-methylisoleucine, nudifloramide, phenylacetylglycine, 1-methyl-L-histidine, PC 42:1, PE 36:4e, PC 42:3, PE 36:4e (16:0e/20:4), and SM d34:0. Changes in the RBC metabolome weakly but significantly correlated with changes in the plasma metabolome following MTX treatment (ρ = 0.24, p = 1.1 × 10−13). The RBC metabolome resulted in the detection of nine significant discriminatory biomarkers, whereas the plasma metabolome resulted in two. Overall, the RBC metabolome yielded more highly sensitive and specific biomarkers of MTX response compared to the plasma metabolome. N-methylisoleucine was found to be highly discriminatory in both plasma and RBCs. Conclusions: Our results suggest that RBCs represent a promising biological matrix for metabolomics and future studies should consider the RBC metabolome in their biomarker discovery strategy.
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1. Introduction


Methotrexate (MTX) is a first-line therapy in the treatment of chronic autoimmune conditions, such as rheumatoid arthritis (RA), and is an antimetabolite that targets folate metabolism [1,2,3,4,5,6]. However, MTX therapy is characterized by a widely variable response rate with approximately two-thirds of patients failing to achieve satisfactory response within six months [7,8]. To date, no established pretreatment or early treatment clinical biomarkers exist to stratify RA patients based on their likelihood to adequately respond to MTX [3,9]. Consequentially, the focus of this work is to evaluate the potential utility of red blood cell (RBC) metabolite profiles in screening for molecular biomarkers associated with MTX response in an autoimmune arthritis mouse model.



The collagen-induced arthritis (CIA) mouse model is the most extensively utilized animal model to study the development, progression, and therapeutic response of autoimmune arthritis. The model’s systemic inflammatory response mimics the physiologic and pathogenic characteristics of RA and demonstrably responds to disease modifying therapies, such as MTX [7,10,11,12].



Metabolomics has become particularly useful in precision medicine to identify biomarkers of disease and therapeutic response. Metabolomics is an emerging “omics” science concerned with the comprehensive analysis of small molecule metabolites within a biological system [12,13,14]. The human metabolome is comprised of intermediates, products, and side-products resulting from interactions between the genome, exposome (i.e., environmental exposures), and gut microbiome. Thus, the metabolome (sum of all metabolites in an organism) is a highly sensitive measure of an organism’s phenotype and provides insight into metabolic changes associated with a physiologic state, such as development of disease or exposure/response to drug therapy [15,16,17,18,19].



Initially, urine was the favored biofluid used in metabolomics for its non-invasive collection method and ease of processing. However, urine is a biological waste material containing mostly breakdown products in which metabolite concentrations can drastically vary based on timing of collection, limiting its applicability and practicality in biomarker discovery [13,20]. More recently, plasma or serum has become the preferred biofluid for metabolomic studies [21]. While arguably superior to urine, plasma and serum still exhibits a low level of metabolic activity [22]. Previous metabolomic studies of MTX response in autoimmune arthritis have primarily focused on analysis of synovial fluid, plasma, serum, and urine [23].



RBCs have previously been overlooked as a biofluid source in MTX metabolomic studies. RBCs are anucleated cells lacking multiple organelles, including mitochondria and ribosomes. In recent works, the understanding of RBC metabolism has been furthered through the application of the “-omic” sciences, predominately lipidomics and proteomics, in an effort to improve preservation and storage conditions of these cells for transfusion therapy [24]. As a result, RBCs are now known to be metabolically active cellular compartments which express a sophisticated metabolism [25,26]; this makes RBCs an intriguing prospect for metabolomic studies of MTX [26,27]. Therefore, the biochemical composition of RBCs and related biochemical pathways represents a cellular phenotype that may be informative about disease pathology and treatment response [22,25,28]. Furthermore, RBC folate concentration is considered by some to be the most reliable indicator of body folate status [29,30], which is highly pertinent when studying a folate antimetabolite drug like MTX and further supports the potential of the RBC metabolome as a relevant matrix for the identification of metabolomic markers of MTX response in autoimmune arthritis.



Altogether, RBCs could feasibly provide a more robust analysis for MTX response in autoimmune arthritis metabolomic studies, while being equally practical to obtain and process as plasma. As a result, this work utilizes a CIA mouse model to evaluate the performance of a semi-targeted metabolomic profiling approach to identify RBC metabolomic biomarkers of MTX response, and to compare their performance to metabolomic biomarkers identified using corresponding plasma samples.




2. Materials and Methods


2.1. Animals


The methodology of this study is described in depth in our previous publication [3]. Briefly, this study included 40 male DBA/1J mice at six to eight weeks of age from Jackson Laboratory (Bar Harbor, ME, USA). Mice were randomly assigned to one of four groups, including healthy control mice (n = 10), healthy control mice treated with MTX (n = 10), untreated CIA disease mice (n = 10), and CIA disease mice treated with MTX (n = 10). Mice were kept under pathogen-free conditions and all experimental procedures were conducted under a protocol reviewed and approved by the Institutional Animal Care and Use Committee at The University of Kansas Medical Center and are consistent with the Guide for the Care and Use of Laboratory Animals (Protocol ID: 2018-2481).




2.2. Disease Induction and Treatment


Mice (7 to 9 weeks old) were allowed a one-week acclimation period and then underwent the CIA disease induction protocol. This protocol included intradermal tail injections of a commercially prepared collagen emulsion in complete Freund’s adjuvant containing 1 mg/mL chicken type II collagen and 2 mg/mL killed mycobacterium tuberculosis H37Ra (Hooke Laboratories, Lawrence, MA, USA) given on experimental day 0. A subsequent booster dose on day 19 was given containing collagen emulsion in incomplete Freund’s adjuvant [7].



The final analysis included data from 37 mice that completed the study, with three mice expiring (two from the disease group and one from the MTX treated disease group). All three mice died following the booster injection and likely resulted from inadvertent injection into the tail vein. MTX treatment was initiated in all mice on day 14 upon signs of measurable disease activity scores. MTX injections were administered every seven days subcutaneously at a dose of 20 mg/kg for a total of six doses administered over a 54-day experimental period.



On experimental day 54, all mice were euthanized by CO2 asphyxiation, after which plasma and RBC samples were collected for analysis. Blood samples were collected in potassium EDTA-containing tubes and centrifuged at 1600× g for 10 min at room temperature, separating the blood samples into RBCs and plasma fractions which were stored at −80 °C prior to analysis.




2.3. Metabolomics Analysis


RBC and plasma samples were submitted for metabolomic analysis to the National Institutes of Health (NIH) West Coast Metabolomics Center at the University of California, Davis (Davis, CA, USA) and has been previously described [3]. Briefly, samples were prepared using standardized protocols established by the NIH West Coast Metabolomics Center and included biphasic liquid-liquid extraction with subsequent analysis using three independent standardized analytical methods that have been optimized for the detection and semi-quantitative analysis of intermediates of primary metabolism, biogenic amines, and lipids [31,32]. Metabolite identification was guided by retention times and mass spectral data accessed using MassBank of North America on 18 September 2019 (http://mona.fiehnlab.ucdavis.edu). Curated raw peak intensity data were provided and underwent a standardized normalization procedure to integrate the metabolomic data across the three analytical platforms. Normalized peak intensities for each identified metabolite was determined for each RBC and plasma sample as previously described [3]. Metabolites with duplicate detection across the analytical methods were combined by mean normalization of normalized peak intensities and averaged to preserve equal weighting between methods. Data analysis and visualization was conducted using MetaboAnalyst 5.0. Normalized peak intensities for multivariate analysis underwent logarithmic transformation and Pareto scaling. Changes in metabolite levels were represented based on fold-change and visualized using volcano plots.




2.4. Statistical Analysis


Following normalization of peak metabolite concentrations, statistical analyses were conducted using MetaboAnalyst 5.0. Peak intensities for each metabolite were compared between groups by non-parametric unpaired comparisons assuming unequal group variance. Significantly altered metabolites were defined based on a false-discovery rate (FDR) corrected p-value (q-value) threshold of 0.25. Spearman’s rank correlation analysis was used to determine correlation coefficients (ρ) and evaluate associations between continuous variables using JMP Pro 16 (SAS Institute, Cary, NC, USA). Classical univariate receiver operating characteristic curves were generated and the area under the curve (AUC) and p-values were determined for each metabolite to evaluate the performance of each of the identified biomarkers. Optimal cut-off points were determined based on the Youden index.





3. Results


3.1. RBC Metabolomic Differences Associated with CIA Disease Induction and the Effect of MTX


RBC samples were collected from mice at the end of a 54-day experimental period and included healthy control mice (n = 10), healthy control mice treated with MTX (n = 10), untreated CIA disease mice (n = 8), and CIA disease mice treated with MTX (n = 9). The results of CIA disease induction and MTX treatment on disease activity scores (DAS) and paw volumes (PV) for these mice have been previously published [3]. The median [IQR] DAS increased from 0 [0,0] in healthy control mice to 10 [6,11] in disease mice (p = 0.003), and was reduced to 1 [0,2] in disease mice treated with MTX (p = 0.0006). Similarly, median [IQR] paw volume increased from 0.36 [0.32,0.38] mL in healthy control mice to 0.48 [0.44,0.52] mL in disease mice (p = 0.0007), and was reduced to 0.37 [0.36,0.39] mL in disease mice treated with MTX (p = 0.0006). Albeit significantly reduced, MTX treated disease mice did have higher DAS scores compared to healthy control mice (p = 0.003). However, paw volume measurements did not significantly differ between healthy control mice and disease mice treated with MTX (p = 0.20). RBC and plasma datasets containing normalized peak intensities as well as DAS and PV are available in Supplementary Files S1 and S2, respectively.



RBC samples were analyzed by semi-targeted global metabolomic profiling and included intermediates of primary metabolism, lipids, and biogenic amines. RBC metabolomic data identified 1022 metabolites and were analyzed by unpaired univariate analysis, the results of which are presented as volcano plots (Figure 1). Metabolites significantly altered between healthy control and disease mice (Figure 1a) and between disease mice and disease mice treated with MTX (Figure 1b) were identified. Significant metabolites were defined based on an FDR-adjusted p-value (i.e., q-value) of less than 0.25; these metabolites are labeled by color, with blue dots indicating a decrease in metabolite concentrations and red dots indicating an increase. Thirty-three total metabolites were found to significantly differ between healthy control and disease mice (Figure 1a), of which 19 metabolites were decreased and 13 were increased. A total of 197 metabolites were found to differ between disease mice and disease mice treated with MTX (Figure 1b), where 21 metabolites decreased and 176 increased.



Of the metabolites identified, nine were found to be altered upon disease induction in the healthy control mice and subsequently trended towards baseline levels in the disease mice treated with MTX. These metabolites are labeled on Figure 1. For each of the metabolites identified in Figure 1, the corresponding fold-change and q-values are provided for both comparisons (Table 1). With regard to raw p-values, all nine metabolites had raw p-values less than 0.005 for the comparison of healthy control and disease mice, and less than 0.02 in the comparison of disease and disease mice treated with MTX.



Spearman’s regression analyses were conducted to further evaluate the relationship of the identified RBC metabolites with disease activity and MTX response. Normalized peak intensities for each of the nine identified metabolites were evaluated for their relationship with DAS and PV measurements (Table 2). The Spearman’s correlation coefficient, or Spearman’s rho (ρ), and corresponding p-value for each comparison is provided. All of the identified metabolites demonstrated a statistically significant correlation with both DAS and PV. This observation further supports the relationship of the identified RBC metabolites with arthritis disease activity and response to MTX therapy in the CIA mouse model.




3.2. Comparison of RBC and Plasma Metabolomic Differences Associated with MTX Treatment in the CIA Mouse Model


Having identified RBC metabolites associated with disease induction and MTX response in the CIA mouse model, metabolomic differences between disease mice and disease mice treated with MTX were compared in RBCs and plasma (Figure 2). Using a q-value threshold of 0.25, a total of 70 plasma metabolites were found to be altered with MTX treatment. The p-values for these metabolites ranged from 0.017 to 1.1 × 10−8. Meanwhile, 197 metabolites were significantly altered in RBCs with p-values ranging from 0.048 to 1.5 × 10−12. The increased number of metabolites altered in RBCs compared to plasma suggests that the RBC metabolome may be more sensitive and responsive to the effects of MTX therapy resulting in a broader metabolic change compared to what is observed in the plasma. A comparison between all metabolites appearing on both RBC and plasma metabolomes resulted in 940 compounds (i.e., 92.0% of the RBC metabolites were also present in the plasma metabolome) and found a weak but statistically significant correlation between the fold-changes between the two metabolomes (ρ = 0.24, p = 1.1 × 10−13). A total of 37 overlapping metabolites were found to be significantly altered in both the RBC and plasma analysis, which represented 18.8% and 52.9% of significantly altered metabolites, respectively for each of the matrices (Table 3). All of the overlapping metabolites but one (i.e., PC 38:8e) were altered in the same direction (i.e., increased or decreased) in both RBCs and plasma in response to MTX treatment. Altered metabolites associated with MTX treatment included reduction in the hydrophilic metabolites N,N-diethyl-2-aminoethanol and N-methylisoleucine, as well as increases in a variety of phospholipid species including phosphatidylcholines (PC), lyso-PCs (LPC), phosphatidylethanolamines (PE), and phosphatidylinositols (PI).




3.3. Comparison of MTX’s Effect on the RBC Metabolome in Healthy Control and CIA Disease Mice


After comparing the plasma and RBC metabolomic changes, a comparison of MTX’s effect on the RBC metabolome of healthy control mice and CIA disease mice was conducted. This comparison was used to differentiate changes in the metabolome resulting directly from the effect of MTX on metabolism compared to those metabolic changes that occur secondary to the effect of MTX on CIA disease activity. Differences in the RBC metabolome of healthy control mice and healthy control mice treated with MTX identified 138 significantly altered metabolites with 121 increased and 27 decreased (Figure 3). Significantly altered metabolites were compared to those previously identified in the comparison of disease mice and disease mice treated with MTX (Figure 1b and Figure 2a). A total of 38 metabolites were found to overlap between the two comparisons and are labeled in Figure 3 and presented on Table 4. This represented 19% of metabolites identified as altered in CIA disease mice treated with MTX. With the exception of four metabolites, the majority of directional changes in metabolite levels were consistent across the healthy control and CIA disease mice. Overall, these results suggest that MTX directly induced changes in the metabolome that may represent the direct effect of MTX on metabolism, however, the majority of identified metabolites are likely secondary to the effect of MTX on disease activity. Metabolic changes associated with MTX treatment include increases in several quaternary ammonium compounds (i.e., 3-Carboxypropyltrimethylammonium and 4-Trimethylammoniobutanoic acid), ceramides, sphingolipids, PCs, PEs, PIs, phosphatidylglycerol (PG), methotrexate, the acetylated aminoglycan nucleotide donor of N-acetylglucosamine (i.e., Uridine-5-diphosphoacetylglucosamine) and reductions in several amino acids including S-adenosyl-homocysteine and N-acetyl-leucine.




3.4. Evaluation of Metabolomic Markers as Biomarkers of MTX Treatment in RBCs and Plasma


Following the identification of the nine metabolites of interest from the RBC metabolome, receiver-operating characteristic (ROC) curve analyses were conducted for each of the metabolites. The performance of metabolites identified via RBC metabolomic analysis were compared to those identified by plasma metabolomic analysis to determine their ability to discriminate between untreated disease mice and those treated with MTX. ROC curve analysis is often employed to determine the accuracy of a diagnostic test or biomarker by plotting the false positive rate (i.e., 1-specificity) versus the true positive rate (i.e., sensitivity). The resulting area under the curve (AUC) is commonly used to describe the quality of the biomarker in discriminating between the two groups. In a previous publication by this author group, N-methylisoleucine (NMI) and quinolone were found to be discriminatory biomarkers in the plasma metabolome [3]. In total, all 11 metabolites were found to be strongly discriminatory between disease and MTX treated disease mice with AUCs for the ROC curves ranging from 0.79 to 1.0. The RBC metabolomic analysis resulted in the identification of nine potential biomarkers (Figure 4) whereas the plasma metabolome only identified two potential biomarkers (Figure 5). N-methylisoleucine was the only metabolite identified in both the RBC and plasma metabolomic analysis and was found to strongly discriminate between disease mice and disease mice treated with MTX.





4. Discussion


In this study, semi-targeted metabolomic profiling of RBCs was evaluated by screening for metabolites associated with disease induction and MTX treatment in the CIA mouse model to identify putative biomarkers of MTX response in autoimmune arthritis and to establish the plausibility of using RBCs as a matrix for metabolomic biomarker discovery.



First, the RBC metabolome was compared between healthy control and disease mice, as well as disease and MTX treated disease mice. RBC metabolites of interest were identified based on three criteria: (1) the metabolite was significantly altered in disease mice compared to healthy control mice, (2) the metabolite was significantly altered in disease mice treated with MTX compared to untreated disease mice, and (3) MTX treatment resulted in at least a partial correction in metabolite levels towards those observed in the healthy control mice. The RBC biomarkers that met these criteria included: N-methylisoleucine, nudifloramide, phenylacetylglycine, 1-methyl-L-histidine, PC 42:1, PE 36:4e, PC 42:3, PE 36:4e (16:0e/20:4), and SM d34:0. In a separate regression analysis RBC levels of all of the identified metabolites were found to significantly correlate with both DAS and PV measurements in these mice. Together, these findings supported these RBC metabolites as associated with disease activity and response to MTX treatment in the CIA mouse model.



Next, a comparison of RBC and plasma metabolomic changes in disease mice treated with MTX demonstrated a high-level of similarity in metabolites and metabolite classes identified in each of the separate metabolomic studies. The validity of our results on MTX’s effect on the metabolome are strengthened by the high level of overlap (37 overlapping compounds) detected between the RBC and plasma metabolomic analyses. In particular, the findings indicate that MTX treatment is associated with a highly significant reduction in two hydrophilic metabolites in both plasma and RBCs (i.e., N,N-diethyl-2-aminoethanol and N-methylisoleucine). In addition, MTX treatment was associated with a general increase in numerous phospholipid species in both RBCs and plasma that include PCs, lyso-PCs, LPCs, PEs, and PIs. Some literature suggests that plasma and especially serum may contain higher concentrations of extracellular vesicles (EVs) which may contain microvesicle particles (ectosomes) from other blood cells (i.e., white and red blood cells, platelets) which could potentially confound the results obtained by these comparisons, especially with regard to phospholipids [33]. A weak, but highly statistically significant correlation was observed between changes in the RBC and plasma metabolomes in CIA disease mice treated with MTX. This observation suggests a relationship between the plasma and RBC metabolome that may be expected since metabolites, depending on their physicochemical properties, likely readily partition between the plasma and RBC compartment. However, the observation of only a weak correlation also suggests that many metabolites are differentially represented and impacted in RBCs compared to plasma and represent discrete biological compartment.



To differentiate the effects of MTX and CIA disease activity on the RBC metabolome, metabolomic effects of MTX treatment in healthy control mice was evaluated and compared to the effect of MTX observed in the CIA disease mice. Approximately 20% of metabolites found to be altered in the CIA disease mice following treatment with MTX were also observed to be altered in the healthy control mice treated with MTX. These finding support distinct metabolic changes that are likely the direct impact of MTX on metabolism but support the majority of metabolic changes in the CIA disease mice as secondary to the effect of MTX on disease activity.



Finally, ROC curve analyses were conducted on the nine identified metabolites of interest in both RBCs and plasma to evaluate and compare their ability to potentially serve as discriminatory biomarkers of MTX treatment response in autoimmune arthritis. N-methylisoleucine was highly discriminatory between disease mice and disease mice treated with MTX in both plasma and RBCs, with an AUC of 1.0. RBC levels of nudifloramide, phenylacetylglycine, 1-methyl-L-histidine, PC 42:1, PE 36:4e, PE 36:4e, PC 42:3, PE 36:4e (16:0e/20:4), and SM d34:0 were also found to be highly discriminatory between the two groups of mice with AUCs ranging from 0.79 to 1.0. In contrast, the plasma metabolomic study only identified one additional biomarker (i.e., quinolone) which was also found to be highly discriminatory with an AUC of 0.89.



To maximize applicability and relevance to clinical practice, translational research using animal models must accurately model disease processes. Using this rationale, the CIA mouse model was selected to model RA because it produces consistent systemic inflammation that resembles RA and has been demonstrated to be responsive to MTX [3,10,11,30]. The current clinical standard of care consists of once weekly subcutaneous MTX injections, a regimen thought to be superior to oral MTX administration [34,35]. This study employed this MTX administration strategy to reduce the risk of MTX-related toxicities and to avoid the variation in oral bioavailability from MTX’s saturable transporter-mediated absorption across the gastrointestinal lumen [36,37,38]. In this study, MTX was dosed at 20 mg/kg based on previous dose-escalation studies done by this lab [2]. Despite the pharmacokinetic differences between the two routes of administration, observations made in this study are expected to similarly apply to the use of oral MTX [39].



Several observations can be derived from interpreting the biomarkers of MTX response, many of which are related to the drug’s known pharmacology. The concentrations of N-methylisoleucine, 1-methyl-L-histidine, and phenylacetylglycine were all increased in CIA disease mice compared to healthy control mice and were decreased in response to MTX treatment. All three of these metabolites can be categorized as modified amino acids. Both N-methylisoleucine and 1-methyl-L-histidine are methylated products of their essential amino acid counterparts, whereas phenylacetylglycine is a product of gut microbial phenylalanine metabolism to phenylacetic acid that is conjugated with glycine in the mouse liver [40]. Increased methylated products in disease mice with reductions following MTX treatment can potentially be explained by MTX therapy’s effect on folates, which serve as the primary methyl donors and regulators of one-carbon metabolism. Previous work in our lab has found that RBC folate levels are increased in CIA disease mice and that MTX treatment results in a dose-dependent depletion of folates that corresponds with MTX treatment and response [3]. These results reinforce the hypothesis that MTX induced folate depletion results in a reduction in methyltransferase activity and thus the methylation of various biomolecules, including amino acids [3,41,42,43,44,45]. However, it remains unclear whether these methylated amino acid biomarkers are a direct result of endogenous metabolism, or a product of exogenous metabolites generated from the gut microbiome [3,46,47]. However, these changes in methylation were not observed in our healthy control mice treated with MTX, which may suggest that the antagonism of folates by MTX may not be responsible for these changes. In the case of phenylacetylglycine, it has been demonstrated to be a gut microbiota-dependent metabolite that promotes platelet responsiveness and thrombosis through activation of G-protein coupled adrenergic receptors [40]. Although phenylacetylglycine levels changed in both healthy control and CIA disease mice treated with MTX, the changes were in opposite directions (i.e., increased in healthy control mice and decreased in CIA disease mice) and suggest the effect of MTX on phenylacetylglycine likely is not a direct effect of MTX on this metabolite. However, these findings support previous findings that the gut microbiome may play a significant role in autoimmune arthritis disease activity and MTX response [48,49]. Of these compounds, N-methylisoleucine appears to be the most promising biomarker of MTX response as it has been demonstrated to be a discriminatory plasma metabolite of MTX response in patients with RA [46] and in CIA studies using both RBCs and plasma analyses, as described here. N-methylisoleucine also represented the greatest absolute difference of any of the proposed biomarker with mean RBC levels of N-methylisoleucine three-fold lower in MTX treated disease mice compared to disease mice, a finding that was consistent in both plasma and RBC analyses.



Our results also indicate that disease induction in the CIA mouse model is associated with an increase in RBC nudifloramide that is reduced in response to MTX therapy. Nudifloramide is an end product of nicotinamide-adenine dinucleotide (NAD) degradation and is an inhibitor of poly(ADP-ribose) [50]. Increased plasma nudifloramide levels have been observed in patients with chronic renal failure as a result of reduced renal excretion and has been proposed to function as a uremic toxin [51,52]. It is unclear if CIA disease induction causes an increase in nudifloramide production or a reduction in clearance. Reduced clearance may represent reduced kidney function in the disease mice that is reversed with MTX treatment. However, increased NAD metabolism is known to be a component of the immunoinflammatory response and MTX has been found to inhibit cellular NAD production via inhibition of de novo purine biosynthesis [53,54]. The observation that MTX treatment in the healthy control mice resulted in a significant, but opposite impact on nudifloramide levels compared to the CIA disease mice suggests that reductions in nudifloramide is not a direct effect of MTX therapy, but may represent a downstream effect of MTX on CIA disease activity.



RBC and plasma phospholipid levels were found to be decreased in CIA disease mice and normalized with MTX therapy. Previous studies have found reduced plasma and RBC phospholipid levels in patients with RA that has been attributed to increased lipid peroxidation related to increased oxidative stress [55,56]. As a result, our data supports a dyslipidemia associated with disease activity in the CIA mouse model that is responsive to treatment with MTX. The effect of MTX on lipid levels may not represent a direct effect of MTX on lipid metabolism and may represent a downstream effect that is secondary to MTX’s effect on disease activity in the mouse model. However, the observation that several phospholipid species, in addition to ceramides and sphingolipids, are increased with MTX in healthy control mice may suggest a direct effect of MTX on lipid metabolism.



In our analysis, the RBC metabolome appeared to be more sensitive in detecting metabolic changes associated with disease induction and MTX response than the plasma metabolome. Our findings support the value of the RBC metabolome as a potentially useful biological matrix for screening for biomarkers of MTX response in autoimmune arthritis. Future metabolomic studies are encouraged to explore this underutilized and highly accessible biofluid as a method to categorize the biochemical effects of various disease processes and treatment responses. As with all metabolomic studies, this study is hypothesis generating in nature and is limited by relatively small sample sizes and lack of independent validation metabolomic studies. As a result, future studies with a larger sample size are warranted. In addition, future functional metabolomic and metabolic flux analysis studies may be useful in understanding and validating the effect of disease and MTX treatment on the identified metabolites. Future studies will need to translate metabolomic findings from pre-clinical models to the autoimmune arthritis disease population, including metabolomic studies in humans using RBC as the biofluid sample source.




5. Conclusions


Nine RBC metabolites were identified that were altered in the CIA mouse model and normalized with MTX treatment. All identified RBC metabolites were found to be highly discriminatory between disease mice and mice treated with MTX and supported their potential as biomarkers of MTX response. When compared to a previous plasma metabolomic analysis, RBCs were more sensitive at detecting changes in the metabolome associated with MTX response. N-methylisoleucine appeared as a highly discriminatory biomarker in both the plasma and RBC metabolomic analysis, and supports previous plasma metabolomic findings in RA. These findings further support N-methylisoleucine as a promising therapeutic biomarker of MTX response in RA. The results of this study suggest that RBCs may be a useful sample source for future metabolomic works in the discovery of therapeutic and disease biomarkers.
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Figure 1. Identification of metabolites of interest associated with CIA disease induction and MTX treatment. Univariate analysis of differences in the RBC metabolome resulted in volcano plots comparing (a) healthy control mice and disease mice and (b) disease mice and MTX treated disease mice. Metabolites were plotted based on log base 2 fold-change and negative log base 10 of the q-value. Red-colored metabolites were found to increase, and blue-colored metabolites were found to decrease (q-value < 0.25). Labeled metabolites were found to be significantly altered following disease induction and subsequently trend towards healthy control levels with MTX treatment. 
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Figure 2. Comparison of (a) RBC and (b) plasma metabolomics in detecting metabolic changes associated with MTX therapy in CIA disease mice. Univariate analysis of RBC and plasma metabolic data comparing the metabolome in disease and MTX treated disease mice was plotted based on log base 2 fold-change and negative log base 10 of the q-value. Red-colored metabolites were found to increase, and blue-colored metabolites were found to decrease (q value < 0.25). Overlapping metabolites that appeared on both RBC and plasma analysis are labeled. 
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Figure 3. Identification of metabolites associated with MTX’s effect on the RBC metabolome in healthy control mice. Univariate analysis of differences in the RBC metabolome comparing healthy control mice and healthy control mice treated with MTX. Results of this analysis were graphed as volcano plots. Labeled metabolites were significantly altered by MTX treatment in control and CIA disease mice. Metabolites were plotted based on log base 2 fold-change and negative log base 10 of the q-value. Red-colored metabolites were found to increase with MTX treatment, and blue-colored metabolites were found to decrease (q-value < 0.25). 
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Figure 4. ROC curve analyses were conducted using RBC metabolites identified by metabolomic profiling to compare the discriminatory ability of each biomarker. Red dots on each plot indicate the optimal cut-off based on the Youden Index. Comparison is based on metabolite levels in RBC for disease mice and disease mice treated with MTX. Box and whisker plots are inlayed within each ROC curve depicting the separation between disease (blue, left) and MTX treated disease mice (right, orange). Normalized peak intensities (y-axis) are labeled in thousands (×1000). 






Figure 4. ROC curve analyses were conducted using RBC metabolites identified by metabolomic profiling to compare the discriminatory ability of each biomarker. Red dots on each plot indicate the optimal cut-off based on the Youden Index. Comparison is based on metabolite levels in RBC for disease mice and disease mice treated with MTX. Box and whisker plots are inlayed within each ROC curve depicting the separation between disease (blue, left) and MTX treated disease mice (right, orange). Normalized peak intensities (y-axis) are labeled in thousands (×1000).



[image: Futurepharmacol 02 00038 g004]







[image: Futurepharmacol 02 00038 g005 550] 





Figure 5. ROC curve analyses were conducted using plasma metabolites identified by metabolomic profiling to compare the discriminatory ability of each biomarker. Red dots on each plot indicate the optimal cut-off based on the Youden Index. Comparison is based on metabolite levels in plasma for disease mice and disease mice treated with MTX. Box and whisker plots are inlayed within each ROC curve depicting the separation between disease (blue, left) and MTX treated disease mice (right, orange). Normalized peak intensities (y-axis) are labeled in thousands (×1000). 
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Table 1. Metabolites altered in RBCs from CIA disease mice that are at least partially corrected in disease mice treated with MTX.
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Control vs. Disease

	
Disease vs. Disease + MTX




	
ID

	
Metabolite

	
Fold-Change

	
q-Value

	
Fold-Change

	
q-Value






	
1

	
N-Methylisoleucine

	
1.87

	
0.03

	
0.35

	
1.6 × 10−9




	
2

	
Nudifloramide

	
2.02

	
0.11

	
0.61

	
0.17




	
3

	
Phenylacetylglycine

	
1.51

	
0.11

	
0.67

	
0.17




	
4

	
1-Methyl-L-histidine

	
1.31

	
0.22

	
0.89

	
0.20




	
5

	
PC 42:1

	
0.72

	
0.06

	
1.26

	
0.10




	
6

	
PE 36:4e

	
0.75

	
0.11

	
1.21

	
0.12




	
7

	
PC 42:3

	
0.86

	
0.19

	
1.15

	
0.10




	
8

	
PE 36:4e (16:0e/20:4)

	
0.75

	
0.19

	
1.22

	
0.17




	
9

	
SM d34:0

	
0.81

	
0.22

	
1.18

	
0.10
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Table 2. Spearman’s regression analysis evaluating the correlation between RBC metabolite levels and disease activity measurements.
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Disease Activity Score

	
Paw Volume




	
Metabolite

	
Spearman’s Rho

	
p-Value

	
Spearman’s Rho

	
p-Value






	
N-Methylisoleucine

	
0.57

	
0.0018

	
0.69

	
6.2 × 10−5




	
Nudifloramide

	
0.69

	
7.6 × 10−5

	
0.73

	
1.3 × 10−5




	
Phenylacetylglycine

	
0.63

	
4.8 × 10−4

	
0.54

	
0.0034




	
1-Methyl-L-histidine

	
0.51

	
0.0070

	
0.47

	
0.013




	
PC 42:1

	
−0.73

	
1.5 × 10−5

	
−0.61

	
7.5 × 10−4




	
PE 36:4e

	
−0.65

	
2.4 × 10−4

	
−0.43

	
0.025




	
PC 42:3

	
−0.56

	
0.0024

	
−0.44

	
0.020




	
PE 36:4e (16:0e/20:4)

	
−0.67

	
1.2 × 10−4

	
−0.53

	
0.0046




	
SM d34:0

	
−0.50

	
0.0080

	
−0.49

	
0.0096
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Table 3. Metabolites altered in both RBCs and plasma in CIA disease mice treated with MTX.
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RBCs

	
Plasma




	
ID

	
Metabolite

	
Fold-Change

	
q-Value

	
Fold-Change

	
q-Value






	
1

	
LPC 20:5

	
1.55

	
0.12

	
1.40

	
0.047




	
2

	
LPC 24:0

	
1.25

	
0.15

	
1.20

	
0.11




	
3

	
N,N-Diethyl-2-aminoethanol

	
0.40

	
1.8 × 10−6

	
0.32

	
1.1 × 10−5




	
4

	
N-Methylisoleucine

	
0.35

	
1.6 × 10−9

	
0.33

	
1.1 × 10−5




	
5

	
PC 36:2 (18:0/18:2)

	
1.19

	
0.12

	
1.19

	
0.16




	
6

	
PC 36:3

	
1.18

	
0.15

	
1.17

	
0.16




	
7

	
PC 37:2

	
1.17

	
0.23

	
1.54

	
0.057




	
8

	
PC 37:4

	
2.37

	
0.0098

	
1.28

	
0.048




	
9

	
PC 37:5

	
1.19

	
0.17

	
1.60

	
0.011




	
10

	
PC 38:4

	
1.24

	
0.041

	
1.18

	
0.11




	
11

	
PC 38:5

	
1.17

	
0.13

	
1.30

	
0.024




	
12

	
PC 38:6

	
1.15

	
0.17

	
1.15

	
0.067




	
13

	
PC 38:8e

	
1.19

	
0.18

	
0.50

	
0.18




	
14

	
PC 39:4

	
1.25

	
0.076

	
1.40

	
0.024




	
15

	
PC 39:5

	
1.24

	
0.19

	
1.31

	
0.045




	
16

	
PC 39:6

	
1.20

	
0.099

	
1.18

	
0.21




	
17

	
PC 40:6e

	
1.75

	
0.16

	
1.16

	
0.21




	
18

	
PC 40:7

	
1.22

	
0.022

	
1.32

	
0.014




	
19

	
PC 40:8

	
1.51

	
0.0024

	
1.28

	
0.026




	
20

	
PC 41:6

	
1.11

	
0.20

	
1.25

	
0.20




	
21

	
PC 42:0

	
1.35

	
0.099

	
2.66

	
0.18




	
22

	
PC 42:10

	
1.52

	
0.011

	
1.49

	
0.013




	
23

	
PE 38:4e (18:0e/20:4)

	
1.26

	
0.21

	
1.64

	
0.24




	
24

	
PE 38:7e (18:3e/20:4)

	
1.18

	
0.12

	
1.34

	
0.25




	
25

	
PE 40:6e (18:2e/22:4)

	
1.42

	
0.21

	
1.47

	
0.23




	
26

	
PI 35:2 (17:0/18:2)

	
1.25

	
0.19

	
1.54

	
0.18




	
27

	
PI 35:2 (17:1/18:1)

	
1.22

	
0.23

	
1.68

	
0.21




	
28

	
PI 36:1 (18:0/18:1)

	
1.32

	
0.24

	
1.51

	
0.16




	
29

	
PI 36:3 (18:1/18:2)

	
1.42

	
0.13

	
1.42

	
0.11




	
30

	
PI 38:4 (18:1/20:3)

	
1.34

	
0.14

	
1.21

	
0.16




	
31

	
PI 38:5 (18:1/20:4)

	
1.42

	
0.12

	
1.27

	
0.16




	
32

	
PI 38:6 (16:0/22:6)

	
1.42

	
0.12

	
1.39

	
0.011




	
33

	
PI 38:6 (18:1/20:5)

	
1.44

	
0.17

	
1.46

	
0.055




	
34

	
PI 39:5 (17:0/22:5)

	
1.37

	
0.099

	
1.41

	
0.11




	
35

	
PI 40:4 (18:0/22:4)

	
1.27

	
0.21

	
1.38

	
0.18




	
36

	
PI 40:6 (18:0/22:6)

	
1.31

	
0.17

	
1.51

	
0.0073




	
37

	
PI 40:7 (18:1/22:6)

	
1.47

	
0.13

	
1.69

	
0.0078
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Table 4. Overlapping metabolites which were significantly altered by MTX treatment in both healthy control and CIA disease mice.
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Control vs. Control + MTX

	
Disease vs. Disease + MTX




	
ID

	
Metabolite

	
Fold-Change

	
q-Value

	
Fold-Change

	
q-Value






	
1

	
3-Carboxypropyltrimethylammonium

	
1.32

	
0.034

	
1.35

	
0.19




	
2

	
4-Trimethylammoniobutanoic acid

	
1.26

	
0.21

	
1.34

	
0.18




	
3

	
Ceramide d40:2

	
1.35

	
0.0098

	
1.23

	
0.23




	
4

	
Ceramide d42:2

	
1.26

	
0.096

	
1.22

	
0.099




	
5

	
Ceramide d44:1

	
1.25

	
0.020

	
1.23

	
0.21




	
6

	
Cer-NS d42:3 (d18:1/24:2)

	
1.28

	
0.10

	
1.38

	
0.057




	
7

	
Cer-NS d44:2 (d18:1/26:1)

	
1.20

	
0.12

	
1.17

	
0.20




	
8

	
Cer-NS d44:3 (d18:2/26:1)

	
1.22

	
0.037

	
1.36

	
0.088




	
9

	
Cer-NS d44:4 (d18:1/26:3)

	
1.28

	
0.14

	
1.34

	
0.14




	
10

	
GlcCer d40:1

	
1.58

	
0.13

	
1.29

	
0.15




	
11

	
GlcCer d41:1

	
1.28

	
0.10

	
1.22

	
0.18




	
12

	
GlcCer d42:1

	
1.66

	
0.0063

	
1.41

	
0.026




	
13

	
Methotrexate

	
8.17

	
0.057

	
4.51

	
0.079




	
14

	
N-Acetyl-leucine

	
0.81

	
0.21

	
0.73

	
0.17




	
15

	
Nudifloramide

	
1.56

	
0.21

	
0.61

	
0.17




	
16

	
PC 30:0

	
1.26

	
0.17

	
1.16

	
0.23




	
17

	
PC 30:0e

	
1.20

	
0.18

	
1.22

	
0.12




	
18

	
PC 40:0

	
1.15

	
0.13

	
1.22

	
0.18




	
19

	
PC 40:1

	
1.18

	
0.13

	
1.29

	
0.18




	
20

	
PC 42:0

	
1.32

	
0.0063

	
1.35

	
0.099




	
21

	
PC 42:0 (16:0/26:0)

	
1.37

	
0.0063

	
1.39

	
0.099




	
22

	
PC 42:1

	
1.18

	
0.078

	
1.26

	
0.099




	
23

	
PC 42:2

	
1.18

	
0.13

	
1.34

	
0.12




	
24

	
PC 44:2

	
1.20

	
0.079

	
1.36

	
0.022




	
25

	
PE 40:4e (18:1e/22:3)

	
1.38

	
0.0090

	
1.39

	
0.1322




	
26

	
PE p-38:2 or PE o-38:3

	
1.35

	
0.080

	
1.27

	
0.20




	
27

	
PE p-38:3 or PE o-38:4

	
1.22

	
0.22

	
1.31

	
0.13




	
28

	
PG 36:2 (18:1/18:1)

	
1.75

	
0.090

	
1.44

	
0.13




	
29

	
PG 42:8 (20:2/22:6)

	
0.75

	
0.22

	
1.22

	
0.24




	
30

	
Phenylacetylglycine

	
1.47

	
0.22

	
0.67

	
0.17




	
31

	
PI 35:2 (17:0/18:2)

	
0.73

	
0.20

	
1.25

	
0.19




	
32

	
S-Adenosyl-homocysteine

	
0.84

	
0.18

	
0.84

	
0.16




	
33

	
Serine

	
1.23

	
0.012

	
1.25

	
0.12




	
34

	
SM d36:0

	
1.15

	
0.11

	
1.17

	
0.24




	
35

	
SM d38:0

	
1.15

	
0.15

	
1.13

	
0.19




	
36

	
SM d44:1

	
1.21

	
0.12

	
1.26

	
0.23




	
37

	
SM t34:0

	
1.22

	
0.10

	
1.33

	
0.12




	
38

	
Uridine-5-diphosphoacetylglucosamine

	
1.32

	
0.13

	
1.26

	
0.022
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