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Abstract: Methotrexate (MTX) efficacy in the treatment of theumatoid arthritis (RA) is variable
and unpredictable, resulting in a need to identify biomarkers to guide drug therapy. This study
evaluates changes in the plasma metabolome associated with response to MTX in RA with the
goal of understanding the metabolic basis for MTX efficacy towards the identification of potential
metabolic biomarkers of MTX response. Plasma samples were collected from healthy control subjects
(n = 20), and RA patients initiating MTX therapy (n = 20, 15 mg/week) before and after 16 weeks of
treatment. The samples were analyzed by a semi-targeted metabolomic analysis, and then analyzed
by univariate and multivariate methods, as well as an enrichment analysis. An MTX response
was defined as a clinically significant reduction in the disease activity score in 28 joints (DAS-
28) of greater than 1.2; achievement of clinical remission, defined as a DAS-28 < 2.6, was also
utilized as an additional measure of response. In this study, RA is associated with an altered
plasma metabolome that is normalized following initiation of MTX therapy. Metabolite classes
found to be altered in RA and corrected by MTX therapy were diverse and included triglycerides
(p=11x 1016y, fatty acids (p = 8.0 x 10~12), and ceramides (p=9.8x 10~13). Stratification based
on responses to MTX identified various metabolites differentially impacted in responders and non-
responders including glucosylceramides (GlcCer), phosphatidylcholines (PC), sphingomyelins (SM),
phosphatidylethanolamines (PE), choline, inosine, hypoxanthine, guanosine, nicotinamide, and
itaconic acid (p < 0.05). In conclusion, RA is associated with significant alterations to the plasma
metabolome displaying at least partial normalization following 16 weeks of MTX therapy. Changes in
multiple metabolites were found to be associated with MTX efficacy, including metabolites involved
in fatty acid/lipid, nucleotide, and energy metabolism.

Keywords: metabolomics; rheumatoid arthritis; methotrexate; biomarkers; plasma metabolome; metabolism

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune inflammatory disease that primarily
impacts joints but can affect a wide variety of tissues and organs [1]. Disease progression is
associated with reduced life expectancy and chronic disability [2]. Current estimates range
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from 0.24 to 1.0% of the global population to be afflicted with RA [3]. To date, methotrexate
(MTX) remains the cornerstone disease modifying antirheumatic drug (DMARD), due to its
efficacy and economic merits [4]. MTX has been proven to slow the progression of RA while
minimizing damage to tissues and joints. However, MTX therapy is often characterized
by a highly variable response and a delayed onset of action. Approximately two-thirds
of patients fail to have an adequate response to MTX therapy following six months of
therapy [5]. The variable and unpredictable profile of MTX response has indicated a need
for the identification of clinical biomarkers to guide drug therapy. To date, no reliable
biomarkers exist that allow for the stratification of patients according to who will respond to
MTX therapy or who will require alternative DMARDs (e.g., biologics) [6]. A major barrier
to the identification of biomarkers of MTX response is an incomplete understanding of the
molecular basis through which MTX mediates pharmacological effects in the treatment of
RA [1].

Significant technological advances, and the advent of the ‘omics’ revolution, have
made it possible to rapidly measure thousands of endogenous and exogenous low-molecular-
weight molecules in a biological sample [7]. Metabolomics (i.e., the study of these metabo-
lites) offers a relatively unbiased approach that can be applied to identify clinical biomark-
ers for early diagnosis, to stratify patient populations, to predict response to a given
treatment, and to improve our understanding of metabolic changes associated with disease
and therapeutic response [2,8]. Metabolomic methodologies examine the set of products
and by-products of metabolic pathways, and thus can be used to identify specific drivers
of biological processes, allowing us to better understand the physiological roles of specific
metabolites [9]. Previous studies by our group have used metabolomics as a tool to un-
derstand biochemical changes occurring at the cellular level following initiation of MTX
therapy, to identify metabolic pathways affected by MTX, and to identify metabolites and
metabolic pathways that represent potential metabolic biomarkers of pharmacological
response to MTX [6,10].

In this study, a semi-targeted metabolomic approach was used to identify changes
in intermediates of primary metabolism, biogenic amines, and lipids in patients with RA.
The metabolomic profiles of the respective cohorts were evaluated using chemometric and
metabolic network enrichment analysis to determine differences in the plasma metabolome
of patients with RA as compared with a healthy reference population, as well as determine
the effects of MTX therapy on the plasma metabolome in RA. Then, stratification of
RA patients based on clinical response to MTX was used to identify metabolites and
metabolic pathways associated with the efficacy of MTX. The identified metabolites and
metabolic pathways represent putative clinical biomarkers of MTX efficacy and further our
understanding of the biochemical pharmacology of MTX in the treatment of RA.

2. Results
2.1. Patient Demographics and Clinical Data

Subjects in the study included a healthy control group (1 = 20) and a prospective
cohort of patients with RA initiating MTX therapy (n = 20). The entire cohort consisted of
40 subjects, 31 females (78%), with a median age of 54 (range of 21-84 years). RA patients
in this study had a median of 11 months from symptoms to diagnosis and 2 months
from diagnosis to the start of MTX at enrollment. Patients were excluded if they had
previously received MTX; however, previous use of alternative conventional synthetic
DMARDS were allowed, such as hydroxychloroquine. RA patients provided plasma
samples at baseline, prior to initiating MTX, and 16 weeks following the initiation of MTX
therapy. The demographic data of the cohorts are provided for comparison (Table 1) and
did not differ significantly by age or gender. At week 16, following the initiation of MTX
therapy, RA patients were characterized as “responders” and “non-responders” based on
the change from baseline in their composite disease activity score in 28 joints (DAS-28).
Those individuals that met the criteria of clinically significant improvement, a reduction in
DAS-28 of greater than 1.2 (8DAS-28 (< —1.2)), were considered responsive to MTX therapy.
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An additional outcome of clinical remission was defined as achievement of a DAS-28 of
less than 2.6 (DAS-28 < 2.6) following 16 weeks of MTX therapy. As expected, measures of
disease activity were significantly lower at 16 weeks post MTX therapy for those found
to be responsive to MTX therapy including swollen joint count (SJC), tender joint count
(TJC), global health assessment, and DAS-28. Among the 11 responders to MTX therapy
according to a reduction in DAS-28 of greater than 1.2, 8 (73%) patients were found to reach
clinical remission. However, ESR was not found to differ significantly based on response.

Table 1. Demographic data for study population. RA patients were characterized as “responders” and “non-responders”
based on a reduction in DAS-28 of greater than 1.2 (8DAS-28 (<—1.2)). Data are presented as median [IQR] unless
otherwise noted. Swollen joint count (SJC); tender joint count (T]JC); erythrocyte sedimentation rate (ESR); disease activity

score (DAS-28).

Study Cohort Control RA Patients p-Value
Subjects, n 20 20 —
Female, n (%) 17 (85%) 14 (70%) 0.77
Age (years) 49 [44, 57] 52 [41, 65] 0.99
Current smoker, 11 (%) 1 (5%) 4 (20%) 0.31
Symptoms to diagnosis (months) — 11 [5, 10] —
Diagnosis to MTX (months) — 210, 0] —
SJC (0-28) — 5[1,7] —
TJC (0-28) — 6 [0, 7] —
ESR (mm/h) — 25[12, 32] —
Global health assessment (0-100 mm) — 39 [19, 56] —
DAS-28 — 41[3.0,54] —
RA-Baseline Non-Responders Responders p-Value
RA patients, n 9 11 —
Female, n (%) 8 (73%) 7 (70%) 0.77
Age (years) 57 [45, 72] 48 [27, 63] 0.3
Current smoker, 1 (%) 3 (33%) 1 (9%) 0.06
SJC 6[3,7] 10 [6, 14] 0.3
TJC 6[2,7] 111[6, 17] 0.08
ESR (mm/hr) 23 [14, 24] 31[13,43] 0.4
Global health assessment 50 [38, 52] 48 [34, 63] 0.8
DAS-28 4.6[4.1,5.5] 5.5[4.8,6.2] 0.08
RA-Week 16 Non-Responders Responders p-Value
SJC 411, 5] 010, 1] 0.05
TJC 6[1,5] 1[0, 0] 0.01
Global health assessment 48 [39, 57] 15 [5, 14] 0.0003
ESR (mm /hr) 3117, 33] 15[8, 19] 0.1
DAS-28 43[3.7,5.1] 2.2[1.6,2.5] 0.001
Remission (DAS-28 < 2.6), n (%) 0 (0%) 8 (73%) 0.0002

2.2. Changes in the Plasma Metabolome Associated with RA and the Effect of MTX Therapy

The plasma metabolomic data included 647 identified metabolites that were analyzed
using an unpaired multivariate analysis and visualized using principal components analy-
sis (PCA) (Figure 1A). PCA was chosen as an exploratory and unsupervised analysis to
reduce the dimensionality of the total metabolomics dataset in order to evaluate differences
in the metabolome between healthy control subjects and patients with RA, both at baseline
and 16 weeks after initiation of MTX. On the basis of 95% confidence intervals, the plasma
metabolome of healthy subjects displayed a reasonable separation from RA patients at
baseline. At 16 weeks post MTX therapy, the metabolome of patients with RA displayed an
increased overlap with healthy subjects. Albeit incomplete, this suggests a normalization
of the plasma metabolome following the initiation of MTX therapy.
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Figure 1. Multivariate unsupervised and supervised analysis of 647 metabolites identified from individual patient samples
providing 2D score plots displaying principal components within the healthy control subjects (control, yellow), RA patients
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at baseline (RA, green), and following 16 weeks of MTX therapy in RA patients (RA + MTX, blue): (A) Principal components

analysis (PCA); (B) partial least squares discriminant analysis (PLS-DA) and variable importance plots (VIP) between

healthy control subjects and RA patients at baseline (R% = 0.99 and Q? = 0.68); (C) partial least squares discriminant analysis

(PLS-DA) and variable importance in projection (VIP) plots between RA patients at baseline and following 16 weeks of
MTX therapy (R? = 0.97 and Q* = —0.69).

Then, the plasma metabolomic data were submitted to a supervised multivariate
analysis and visualized using a partial least squares discriminant analysis (PLS-DA) for the
initial identification of metabolites of interest. The plasma metabolomic data from healthy
control subjects and RA patients at baseline displayed reasonable separation, appropriate
fitting of the data, and provided a variable importance plot (VIP) (Figure 1B, R? = 0.99, and
Q? = 0.68). Similarly, plasma metabolomic data from a paired analysis of RA patients at
baseline and following 16 weeks of MTX therapy were submitted to PLS-DA, providing
PLS-DA and VIP (Figure 1C, R? =0.97, and Q? = —0.69). While the VIP was able to identify
top differentiating metabolites, the overfitting of the data should be noted.

The identification of individual metabolites altered in patients with RA was based
on a comparison of differences in metabolite levels from plasma collected from healthy
control subjects and RA patients prior to initiation of MTX (i.e., at baseline) (Figure 2A).
Similarly, identification of metabolites associated with MTX therapy in RA was based on a
paired analysis of metabolite levels in RA patients at baseline and following 16 weeks of
MTX therapy (Figure 2B). Those metabolites that met the p-value threshold of less than
0.05 were deemed to be metabolites of interest for subsequent analysis. On the basis of this
threshold, 214 metabolites were identified to differentiate healthy subjects and patients
with RA (Table S1), and 44 metabolites were found to be altered in RA patients following
treatment with MTX (Table S2). Metabolites identified as top discriminating metabolites by
univariate analysis widely overlapped with those identified by PLS-DA. On the basis of
the p-value, the top ten ranking metabolites identified by comparing RA patients to healthy
control subjects at baseline included increases in orthanilic acid, glyceric acid, succinic acid,
2-hydroxyglutaric acid, malic acid, erythronolactone, CAR 18:1, and FA 22:2, as well as
decreases in homogentisic acid and methionine. The top ten metabolites altered following
initiation of MTX therapy included increases in saturated and unsaturated triglycerides
(TG 45:1, TG 47:1, TG 47:2, TG 42:3, TG 46:3, TG 48:2, TG 45:0, TG 44:1, and TG 48:3)
and a decrease in fatty acids (FA 22:2). Next, metabolite levels for the top ten metabolites
altered following 16 weeks of MTX therapy were plotted to allow for visual comparison of
metabolite levels for individual patients (1 = 20) (Figure 3). The overall trends observed at
the individual patient level correspond with the data in the volcano plots; however, these
data also demonstrate significant inter-patient variability in both the abundance of the
metabolites and their responsiveness to 16 weeks of MTX therapy.

To better identify the relationships between metabolites of interest, a metabolic net-
work map highlighting the differences between patients with RA and healthy control
subjects was built using MetaMapp 2020 (University of California, Davis; Davis, CA,
USA) and visualized in Cytoscape (Version 3.7.2, Institute for Systems Biology, Seattle,
Washington, USA) (Figure 2C). The network map was divided into clusters and labeled
by classes of metabolites indicating several changes in the metabolome in RA relative to
controls, including increases in fatty acids, sphingomyelins, and phosphatidylcholines, as
well as decreases in triglycerides and amino acids. Similarly, a metabolic network map
was built to highlight changes in the plasma metabolome following 16 weeks of MTX
therapy in patients with RA (Figure 2D). The network map highlights several changes
to the metabolome in response to MTX therapy, including increases in triglycerides and
decreases in fatty acids, sphingomyelins, phosphatidylcholines, and cholesterol esters. The
decreases observed in fatty acids, sphingomyelins, and phosphatidylcholines, as well as
the increase in triglycerides found to be associated with MTX therapy all correlate with a
correction towards the plasma metabolome observed in healthy control subjects.
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Figure 2. Identification and metabolic network mapping of key metabolites associated with RA and MTX therapy.
Metabolomics data were analyzed with MetaboAnalyst 5.0 resulting in volcano plots for: (A) Healthy control subjects as
compared with RA patients at baseline; (B) RA patients at baseline as compared with 16 weeks following the initiation of
MTX. The metabolic network maps were built using MetaMapp 2020 and visualized using Cytoscape 3.7.2 providing maps
of: (C) Healthy control subjects as compared with RA patients at baseline; (D) RA patients at baseline as compared with 16
weeks after the initiation of MTX. The metabolomic networks were divided into clusters using the community cluster tool
and labeled by metabolic class. Red denotes metabolites found to be increased and blue denotes metabolites found to be
decreased (p < 0.05). Node size is directly proportional to the measured fold change.
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Figure 3. Pair-wise comparison of the top ten ranking metabolites identified from the volcano plot of the plasma metabolome

of RA patients at baseline and following 16 weeks of MTX therapy. Rankings were based on p-value. Normalized peak
intensities for each RA patient at baseline (RA) and following 16 weeks of MTX therapy (RA + MTX). Triglyceride (TG);

fatty acid (FA).

2.3. Enrichment Analysis to Identify Metabolite Classes Associated with RA and the Impact
of MTX

In order to further analyze and visualize the data, differences in the measured metabo-
lites associated with RA were subjected to a chemometric enrichment analysis using the
open-source software ChemRICH. A total of 57 nonoverlapping chemical clusters were
identified, with 19 of these chemical clusters found to be significantly altered in RA based
upon an FDR-adjusted p-value cutoff of 0.05 (Table S3). Then, metabolite clusters found to
be significant were plotted according to fraction directional change and median xlogP for
the given cluster (Figure 4A). The fraction directional change was calculated based on the
net directional change in metabolite clusters divided by the total number of metabolites
measured in each cluster. For example, sphingomyelins were found to be altered in RA
with 3 metabolites found to be increased, and 1 metabolite found to be decreased of the
total 29 metabolites in the cluster measured, resulting in a fraction directional change of
0.07 (i.e., (3—1)/29 = 0.07). Node size is directly proportional to the negative log p-value for
each cluster of metabolites. Significant changes were observed in lipid metabolism, with
decreases in both saturated (p = 4.3 x 10~ 1) and unsaturated triglycerides (p = 2.2 x 10~2)
and increases in unsaturated fatty acids (p = 6.2 x 10~8). In addition, increases in clusters of
metabolites for both unsaturated ceramides (p = 7.0 x 10~%) and carnitines (p = 6.6 x 10~8)
were observed.
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Figure 4. Chemometric enrichment analysis of metabolomic profiling data: (A) Metabolomic data comparing RA patients

at baseline to healthy control subjects was analyzed using ChemRICH open-source software to produce nonoverlapping

chemical cluster classifications mapping 551 of the total 647 metabolites to 57 nonoverlapping chemical clusters. Among

these clusters differentiating healthy control subjects and RA patients, 19 clusters were found to be statistically significant

using an FDR-adjusted p-value cutoff of 0.05; (B) metabolomic data from RA patients at baseline and following 16 weeks of

MTX therapy was analyzed and 551 of the total 647 metabolites mapped to 56 nonoverlapping chemical clusters. Among

these clusters differentiating baseline disease state and sixteen weeks post MTX therapy, 19 clusters were found to be

statistically significant. Each cluster of metabolites was plotted based on lipophilicity, fraction directional change, and

p-value; node size is directly proportional to the negative logarithm of the p-value for each cluster. Bolded clusters of

metabolites were found to display a correction towards levels observed in healthy control subjects following the initiation

of MTX in RA patients.
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Chemometric enrichment analysis of metabolic changes observed following the initia-
tion of MTX in patients with RA afforded a total of 56 nonoverlapping chemical classes,
with 19 of these chemical classes found to be altered significantly based on an FDR-adjusted
p-value cutoff of 0.05 (Table S4). A plot of fraction directional change/difference and me-
dian xlogP demonstrates a correction of several metabolite clusters in association with MTX
therapy, with increases in both saturated (p = 1.3 x 10~1%) and unsaturated (p=11x 10716)
triglycerides, and a decrease in saturated (p = 0.00027) and unsaturated (p = 8.0 X 10712
fatty acids (Figure 4B). In addition, decreases were observed in unsaturated phospho-
lipids (p = 5.3 x 10714, unsaturated sphingomyelins (p = 2.2 x 10-29), cholesterol esters
(p = 9.8 x 1078), and unsaturated lysophosphatidylcholines (p = 9.5 x 10~8).

2.4. Identification of Metabolites Altered in RA Are Corrected Following Initiation of MTX

Plasma levels of metabolites of interest (p < 0.05) from the volcano plots identified a
total of 35 overlapping metabolites that were altered in RA and displayed at least a partial
correction towards healthy control levels following 16 weeks of MTX therapy (Table S6).
The top ten metabolites found to display a correction towards healthy control levels ranked
according to p-value were plotted as box and whisker plots (Figure 5). A total of 10 (29%)
metabolites identified were found to increase in active RA and decrease following MTX
therapy. These metabolites include primarily fatty acids (n = 7), as well as ceramides
(n = 3). A total of 25 (71%) metabolites were identified to decrease in active RA and increase
following MTX therapy. These metabolites include primarily triglycerides (96%). Among
the 35 statistically significant metabolites identified, 34 (97%) metabolites are associated
with fatty acid/lipid metabolism.
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Figure 5. Box and whisker plots of statistically significant metabolites (* = p < 0.005 and ** = p < 0.05) identified in volcano
plots displaying a correction towards metabolite levels of healthy control. Control (yellow); RA (green); RA + MTX (blue);
fatty acid (FA); ceramide (Cer); triglyceride (TG).

To further identify metabolites associated with disease activity in RA, all metabolites
were submitted to a Spearman’s regression analysis to define the correlation between
DAS-28 score and metabolite levels at baseline and 16 weeks after initiating MTX therapy
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(Table S5). The analysis identified 36 statistically significant metabolites (p < 0.05) that
correlate with DAS-28. Approximately 90% of the identified metabolites are associated
with fatty acid/lipid metabolism, including predominantly saturated and unsaturated
triglycerides. Triglycerides identified by Spearman’s regression analysis to correlate in-
versely with DAS-28 score were shown to increase following MTX therapy, displaying a
correction towards levels found in the healthy control group.

2.5. Identification of Plasma Metabolites Associated with MTX Response after 16 Weeks
of Treatment

In order to identify metabolic changes and metabolites associated with response to
MTX therapy, changes in metabolite levels across the 16 week MTX treatment period were
compared between patients identified as responders and non-responders according to
SDAS-28 (—1.2). A total of 19 metabolites associated with response to MTX therapy were
found to be statistically significant (p < 0.05). These metabolites were further assessed
for their relationship to response to MTX therapy based upon achievement of clinical
remission (i.e., DAS-28 < 2.6) [11]. Those metabolites identified to differentiate responders
and non-responders by both thresholds of $DAS-28 (—1.2) and DAS-28 < 2.6 were plotted
according to log normalized change in peak intensity (Figure 6). Statistically significant
(p < 0.05) relative increases were observed in choline, inosine, hypoxanthine, guanosine,
nicotinamide, and diglyceride (DG) 34:1 in patients found to be responsive to MTX therapy,
while relative decreases were observed in glucosylceramide (GlcCer) d40:1, GlcCer d42:1,
GlcCer d41:1, and itaconic acid.
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Figure 6. Box and whisker plots of changes in metabolite levels distinguishing non-responders and responders according to

a 8DAS (—1.2), representing a lowering in disease activity score of 1.2. Then, metabolites were cross referenced according to
DAS-28 < 2.6, the threshold recognized as remission in RA. The log normalized change in peak intensity for ten metabolites
from baseline to sixteen weeks post MTX therapy identified by univariate analysis are displayed. Non-responders (blue);

responders (pink); diglyceride (DG); glucosylceramide (GlcCer).

To further access the roles of the discriminating metabolites identified above in the
pharmacological response to MTX, as well as their roles as potential therapeutic biomarkers,
receiver operator characteristic (ROC) curves were generated for the identified metabolites.
Patients were first stratified into responders and non-responders in accordance with an
improvement in DAS-28 of more than 1.2. The ROC curves were generated from metabolite
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levels measured at week 16 of MTX therapy (Table S7). Metabolites previously identi-
fied to differentiate responders and non-responders following 16 weeks of MTX therapy
with an area under the curve (AUC) greater than 0.70 include choline (AUC = 0.77), in-
osine (AUC = 0.78), hypoxanthine (AUC = 0.79), guanosine (AUC = 0.73), nicotinamide
(AUC =0.85), and DG 34:1 (AUC = 0.74), GlcCer d41:1 (AUC = 0.71), and itaconic acid
(AUC = 0.76). The log normalized peak intensities of metabolites that meet the threshold of
an AUC greater than 0.70 following 16 weeks of MTX therapy were then plotted (Figure 7).
Among the eight metabolites identified, five displayed a p-value < 0.05 in discriminating
responders and non-responders after MTX therapy.
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Figure 7. Box and whisker plots of metabolite levels after 16 weeks of MTX therapy distinguishing non-responders and
responders according to a SDAS (—1.2), representing a lowering in disease activity score of 1.2. The log normalized peak
intensities for the eight metabolites identified by AUC analysis. Non-responders (blue); responders (red); diglyceride (DG);
glucosylceramide (GlcCer).

3. Discussion

In this study, changes to the plasma metabolome associated with RA and the effect
of MTX therapy were first identified. A robust change occurs in the metabolite levels of
primary metabolism, biogenic amines, and lipids in both active RA compared with healthy
control subjects and between active RA patients both before and after 16 weeks of MTX
therapy (Figure 2C,D). Discriminating metabolites were identified by both multivariate
and univariate statistical analyses and yielded overlapping results. Top discriminating
metabolites for the comparison of RA patients with healthy control subjects identified
alterations in organic acid metabolism with a shift towards an increase in various or-
ganic acids in the plasma of patients with RA. By comparison the plasma metabolome
at baseline and 16 weeks in the RA patient’s results yielded fatty acids and triglycerides
as the top discriminating metabolites and supported a reduction in fatty acid levels and
a corresponding increase in triglycerides in RA patients following the initiation of MTX.
The chemical enrichment analysis further supported significant changes to a variety of
metabolic classes involved in fatty acid metabolism in RA that were corrected upon MTX
therapy. Further changes in metabolite levels identified via pathway analysis reflect the
biochemical impact of MTX. Pathways of particular interest include purine and energy
metabolism. After characterization of the overall changes in metabolism, patients were
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differentiated by DAS-28 score. The DAS-28 score is a composite measure of disease activity
within RA, often considered to be a reference standard in patient assessment that reflects
swelling and tenderness in the 28 joints measured in this assessment, along with ESR
and the patient’s global health assessment [11]. Patients were first stratified by an overall
reduction in disease score of 1.2, reflecting a clinically significant improvement in disease
activity associated with initiation of MTX. This data was further corroborated by meeting
the DAS-28 score of less than 2.6, the threshold clinically recognized as remission [12,13].
Stratification of patients according to a change of —1.2 in their DAS-28 score resulted in two
groups deemed responders (1 = 11) and non-responders (1 = 9). This knowledge was then
applied to the overall metabolic changes in order to identify key metabolites associated
with response to MTX therapy and the pharmacological effects of MTX.

Prior to identification of metabolites associated with the pharmacological effects of
MTX, we must first address the overall metabolic changes observed in RA and following
initiation of MTX therapy. Significant differences were observed in the plasma metabolome
of RA patients as compared with healthy control subjects to RA, many of which were
associated with fatty acid/lipid metabolism. This is not surprising, as dyslipidemia is a
common feature among a variety of rheumatic diseases, and lipids have been shown to
play an important role in adaptive immunity and inflammation [14-16]. RA is known to
promote a global inflammatory state, stimulating lipolysis and reducing lipid accumulation
leading to insulin resistance (IR) [17]. This was observed in our dataset, with decreases in
both saturated and unsaturated triglycerides occurring in active RA and a corresponding
increase in fatty acids. While one group has reported increased levels of triglycerides
in RA [18], most investigators have reported that triglycerides were reduced in RA as
compared with healthy control subjects [19-21]. Following MTX therapy, a correction
towards the healthy control levels of triglycerides were observed in our study. Among
the 35 metabolites of interest identified in volcano plots to show a correction towards the
healthy control following MTX therapy (p < 0.05), 24 (69%) metabolites were unsaturated
and saturated triglycerides. Hence, a strong correlation was found between a decrease
in DAS-28 score and increasing levels of triglycerides. According to the Spearman’s
correlation analysis (Table S5), 29 triglyceride metabolites, accounting for 71% of significant
metabolites identified, inversely correlate with disease activity based on the DAS-28 score.

Consistent with increased lipolysis in RA, increases in both saturated and unsaturated
fatty acids were observed in RA as compared with healthy control subjects. Elevated levels
of fatty acids in RA have also been previously observed [8]. Initiation of MTX therapy
was found to result in significant decreases in saturated and unsaturated fatty acids, with
a return towards levels observed in the healthy control subjects. The oxidation of fatty
acids and their metabolites have been implicated in vascular damage in autoimmune
disorders such as RA [22]. Previous observations of decreases in fatty acids following MTX
therapy, along with a corresponding reduction in systemic inflammation, supported the
Cardiovascular Inflammation Reduction Trial (CIRT) study that evaluated the cardiopro-
tective effects of MTX [23]. While it was found that low dose MTX was not associated with
fewer cardiovascular events in the study population, it may have been due to a lack of
inflammation and lack of dysregulation of fatty acid/lipid metabolism within the baseline
population for the study. The correction observed in fatty acid/lipid metabolism likely
contributes to insulin sensitivity and the cardioprotective profile of MTX.

In addition to triglycerides, further dysregulation of fatty acid/lipid metabolism was
observed in RA and in response to MTX therapy. Levels of lysophosphatidylcholines (LPC)
were found to be higher in patients with RA, consistent with previous observations [21].
High levels of LPC in plasma have been shown to be a reliable measure of inflammation [24].
Following MTX therapy, decreases in LPC were observed, correcting towards the healthy
control levels. Acylcarnitine, a metabolite necessary in lipid metabolism responsible for
the transport of long-chain fatty acids, was found to be increased in association with RA,
and has been previously reported [25,26]. Initiation of MTX therapy resulted in a reduction
of acylcarnitine levels. Taken together, the data support a marked disruption of fatty
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acid/lipid metabolism that occurs during active disease and provide evidence of a shift
away from glucose metabolism known to be associated with RA [26]. The normalization
of fatty acid/lipid metabolism following initiation of MTX towards levels observed in
a healthy control population, may indicate a correction in the dysregulation of glucose
metabolism associated with pharmacological response to MTX therapy.

In addition to the changes of metabolites involved in fatty acid/lipid metabolism,
levels of amino acids, phosphates, and other organic acid classes have been shown to be
increased in the context of RA [25]. Specifically, levels of x-ketoglutarate have been shown
to increase in RA [27,28], which was also observed in our dataset. Levels of x-ketoglutarate
have been shown to accumulate under hypoxic conditions, which may play a role in chronic
inflammation, a characteristic of RA. A modest reduction of levels of x-ketoglutarate were
observed following MTX therapy, however, it was not found to be statistically significant.
In addition to observations consistent with previous reports, a subset of our data conflicts
with what has been previously reported, specifically, statistically significant decreases were
observed only in threonine (p = 0.0024) and arginine (p = 1.12 x 107°), in patients with
RA, which is inconsistent with increased levels of tryptophan [8,20], threonine, aspartic
acid, glycine, and arginine that have been reported previously [29]. The observed de-
creases in amino acids in our study may be explained by the fact that highly metabolic
tissues consume more nutrients due to the increased metabolism of activated cells, such as
proinflammatory metabolites, or to resolve inflammation via anti-inflammatory metabo-
lites, inevitably resulting in a decrease in circulating metabolites [30]. Arginine is also
involved in two metabolic pathways critical to RA disease pathogenesis, i.e., nitric oxide
synthase uncoupling and citrullination. The conversion of arginine to citrulline has been
shown to be upregulated in synovial fluid of patients with RA due to a process known
as” hypercitrullination” [31]. The observed reduction of arginine in RA may be due to
both hypercitrullination, and arginine’s role in the production of reactive oxygen species
(ROS), a hallmark trait of inflamed tissues [32-34]. A modest increase in both arginine and
threonine levels occurred following initiation of MTX therapy, though neither was found
to be statistically significant.

After identifying changes in the plasma metabolome associated with RA and MTX
therapy, we turned our attention towards metabolic changes associated with response
to MTX therapy, to determine key pathways involved in the pharmacological response
to MTX. This was accomplished by first differentiating responders (n = 11) and non-
responders (n = 9) according to a change of —1.2 in their DAS-28 score. Then, the log
normalized change in peak intensity of all metabolites from baseline to 16 weeks post
MTX therapy were stratified according to responders and non-responders. This led to
identification of 19 statistically significant metabolites (p < 0.05) associated with MTX
therapy that differentiated responders from non-responders. In addition to the previously
identified dysregulation of fatty acid/lipid metabolism, metabolites found to be associated
with response to MTX fell into two additional categories, i.e., nucleotide metabolism and
energy metabolism, which are both metabolic pathways previously shown to be associated
with MTX’s projected mechanism of action [14,35].

The normalization of fatty acid metabolism and its association with the pharma-
cological response to MTX therapy is clearly indicated by the number of metabolites
shown to differentiate responders from non-responders. Those statistically significant
metabolites (p < 0.05) involved in fatty acid/lipid metabolism shown to differentiate re-
sponders and non-responders according to §DAS-28 (—1.2) include glucosylceramide
(GlcCer, n = 3), phosphadtidylcholines (PC, n = 5), sphingomyelins (SM, n = 5), and phos-
phatidylethanolamines (PE, n = 2). When cross referenced with those metabolites found
to differentiate patients in clinical remission from those not in clinical remission, i.e., re-
sponders according to the DAS-28 threshold of 2.6, the most significant discriminating
metabolites include increased levels of choline (p = 0.0076) and decreases in levels of multi-
ple glucosylceramides (p = 0.0175, 0.0066, and 0.0037). Evidence of the role of choline and
glucosylceramide in the pharmacological response to MTX, and as a potential therapeutic
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biomarker of MTX response, is further strengthened by the ROC curve analysis, with
choline (AUC = 0.77) and GlcCer d41:1 (AUC = 0.71) showing a marked separation in
responders and non-responders following 16 weeks of MTX therapy.

There has been increasing evidence of the role of the cholinergic system and its role
in RA [33], with studies currently underway on the role of choline as a potential diag-
nostic or prognostic biomarker of RA [36]. Activation of the cholinergic receptor inhibits
the synthesis of proinflammatory cytokines but does not inhibit the synthesis of anti-
inflammatory cytokines [37]. Increased levels of choline observed in responders to MTX
therapy (p = 0.0076) may play a role in the activation of anti-inflammatory cytokines and
subsequent reduction in disease activity score. In addition, choline is required for the
biosynthesis of phosphatidylcholine, a necessary component in cell membranes, which
has been shown to decrease arthritis in established disease [25]. Choline is also known to
play a role in one-carbon metabolism and is responsible for methylation of homocysteine
to methionine [38]. In our study, levels of methionine were found to decrease in active RA
relative to the healthy control subjects (p = 7.4 x 10~7), however, they were not observed
to increase following 16 weeks of MTX therapy. One-carbon metabolism is necessary for
DNA synthesis, a process known to be dysregulated due to MTX therapy, and perturba-
tions of one-carbon metabolism has been shown to affect inflammatory processes [39,40].
The higher levels of choline in responders makes a strong case for choline’s role in the
therapeutic response to methotrexate.

Nucleic acid metabolism is also believed to be related to the therapeutic effects of
MTX. MTX acts as a folate antagonist, inhibiting dihydrofolate reductase (DHFR), setting
off a cascade of reactions, leading to the inhibition of de novo purine and pyrimidine
synthesis [14,41-43]. Multiple metabolites involved in nucleotide metabolism were shown
to differentiate MTX responders from non-responders including hypoxanthine, inosine,
and guanosine. It is worthwhile noting the interrelated nature of these metabolites, both
guanosine and inosine serve as purine nucleotides, and inosine is formed through phos-
phorylation of hypoxanthine. Previous reports have indicated an increase in hypoxanthine
in RA relative to a healthy control group [43]. While an increase in levels of hypoxanthine
was observed in RA, the differences observed were not statistically significant (p = 0.75).
The lack of statistical significance may be due to the limited size of the cohort for this study.
In fact, no significant differences were observed in hypoxanthine, inosine, or guanosine
in RA patients as compared with healthy control subjects. In addition, these metabolites
were not found to be significantly altered following initiation of MTX therapy. Despite
this, all three metabolites displayed increased levels in responders as compared with non-
responders (Figure 6), with all three metabolites having an AUC > 0.70 according to the
ROC curve analysis (Table S7). Among the metabolites found to differentiate responders
and non-responders, hypoxanthine was the only metabolite also identified by Spearman’s
correlation analysis to display an inverse correlation with disease activity (p = 0.036, Table
S5). The overall effects on hypoxanthine, guanosine, and inosine may suggest downstream
effects on purine and pyrimidine rations, resulting in dysregulation of cell metabolism,
energy conservation and biosynthetic pathways, as well as signal transductions and trans-
lation. In addition, adenosine is known to mediate effects on inflammatory cells, with
adenosine receptors changing in active RA [44]. Once formed or released into the extra-
cellular space, adenosine can be deaminated to inosine, a potential explanation for the
increased levels of inosine and guanosine observed in responders to MTX therapy. The
elevated levels of all three metabolites observed in the plasma of responders may also
be associated with a reduction in oxidative stress, a hallmark trait of RA [44,45]. One
prevailing theory of the mechanism by which MTX exerts its effects in RA is through the
inhibition of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase
(ATIC), leading to the release of adenosine nucleotides, and increased levels of adenosine,
which display potent inhibitory effects on inflammatory cells [14]. The elevated levels of
inosine and hypoxanthine observed in responders to MTX therapy may provide support
for this hypothesized mechanism.
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Metabolites involved in energy metabolism shown to differentiate responders and
non-responders that are statistically significant (p < 0.05) include itaconic acid (IA) and
nicotinamide. IA is a metabolite produced from the tricarboxylic acid (TCA) cycle and is
an intermediate of cis-aconitic acid. IA has been shown to inhibit succinate dehydrogenase,
thereby, inducing metabolic rewiring during proinflammatory activation [35]. In our
study, we found decreased levels of IA in those that responded to MTX therapy (p = 0.026)
following 16 weeks of MTX therapy. A strong correlation between decreasing levels
of IA and decreased disease activity has been previously reported [46]. These data are
also corroborated by a previous report that indicates high levels of IA may serve as a
potential biomarker of early RA [47]. Nicotinamide has been shown to have implications
in inflammation, and RA and is involved in multiple metabolic processes known to be
dysregulated by MTX therapy, including glycolysis, TCA, and the electron transport
chain (ETC) [48,49]. Changes in metabolite levels of nicotinamide were not found to be
statistically significant (p > 0.25) when comparing RA patients to the healthy cohort or
following MTX therapy. However, changes in nicotinamide following the initiation of MTX
were shown to differentiate responders from non-responders, displaying a marked increase
in responders. The higher levels of nicotinamide observed in responders may be due to a
correction in the dysregulation of glycolysis, TCA, and ETC in response to MTX therapy.

4. Materials and Methods
4.1. Patients

Biobanked, plasma samples were acquired from a subset of RA patients (n = 20)
that participated in a 16-week open-label study that sought to identify predictors of MTX
response in RA [50]. The study included sites within the Rheumatology Arthritis Investiga-
tional Network (RAIN). For each patient, plasma samples at baseline and 16 weeks were
provided for analysis. All patients received 15 mg/week of MTX and 1 mg/day of folic
acid upon enrollment. The MTX dose was escalated to 20 mg/week in patients that did not
achieve clinical remission by 8 weeks, as tolerated. Eligibility for participation included:
>19 years of age, fulfillment of the 1987 American College of Rheumatology criteria for
RA, no prior exposure to MTX within the last 12 months, no or stable doses of prednisone
for the last 2 weeks (not to exceed 10 mg/day of prednisone), and receiving no or stable
doses of non-steroidal anti-inflammatory drugs for the last week [51]. Patients excluded
from the study included: patients with other rheumatic diseases (i.e., Sjogren’s, SLE, and
overlap connective tissue disease), pregnant or lactating women, women of childbearing
age not practicing an effective method of contraception, patients with a history of alcohol
abuse who are unwilling to abstain or limit alcohol consumption, and patients with cy-
topenias or abnormal hepatic or renal function at the time of screening. Healthy control
plasma samples were collected from volunteers reporting well to excellent health [52]. All
patients provided informed consent and the studies were conducted under the University
of Nebraska Medical Center Institutional Review Board approved protocols.

4.2. Clinical Data

Clinical data were collected on study participants at both baseline and at Week 16, at
the follow-up visits, and included the patient’s global health assessment (0-100 mm visual
analog scale (VASO0), the 28-joint swollen and tender joint counts (SJC and TJC), the ery-
throcyte sedimentation rate (ESR, mm/hr), and the DAS-28 ESR composite disease activity
score [53]. The primary response outcome for this study was defined as an improvement in
DAS-28 (<—1.2 units) and achievement of remission (DAS-28 < 2.6) was used an additional
measure of response [13,54].

4.3. Metabolomics Analysis

Plasma samples were submitted for semi-targeted metabolomic analysis to the Na-
tional Institutes of Health (NIH) West Coast Metabolomics Center at the University of
California, Davis (Davis, CA). Plasma was analyzed using three independent analytical
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methods for the relative quantification of intermediates of primary metabolism, biogenic
amines, and lipids [55,56]. Samples were prepared for analysis using a biphasic liquid-
liquid extraction protocol standardized for global metabolomic profiling in plasma and
serum samples across the three analytical platforms used in this study. Intermediates of
primary metabolism were measured by automated linear exchange-cold injection system
gas chromatography time-of-flight mass spectrometry. Biogenic amines were analyzed by
hydrophilic interaction liquid chromatography electrospray ionization quadrupole time-of-
flight mass spectrometry. Lipids were analyzed by charged surface hybrid chromatography
electrospray ionization quadrupole time-of-flight mass spectrometry. Peak identification
was based on retention time and mass spectral data from MassBank of North America [56].
Peak height intensity tables were curated by the NIH West Coast Metabolomics Center
and submitted to Metabolomics Workbench (https:/ /www.metabolomicsworkbench.org/,
access on 20 October 2021) under Project ID 2895. The resulting raw peak intensity data
were obtained, and a standardized normalization procedure was subsequently performed.
The normalization ratio was calculated as the ratio of the sum of all peak heights for
identified metabolites (mTIC) to the average mTIC for all samples. Then, the observed
peak heights for each metabolite were divided by the normalization ratio, providing the
normalized peak height intensity. Duplicate metabolites (those observed in more than one
analytical platform) were combined by mean normalization to ensure equal weighting to
a given platform, and then averaged. The resulting normalized peak height intensities
were uploaded into MetaboAnalyst (Version 5.0). Then, the data were normalized by
logarithmic transformation and auto-scaled according to unit variance [57,58], analyzed for
fold change, and visualized via principal components analysis (PCA), partial least squares
discriminant analysis (PLS-DA), and volcano plots in order to identify and differentiate
those metabolites altered in active RA and with MTX therapy.

4.4. Enrichment Analysis

The fold change values and p-values obtained from MetaboAnalyst were used to
analyze identified metabolites via chemical and metabolic network analysis. Visualization
of chemometric and biochemical network maps associated with induction of RA and MTX
therapy were conducted using MetaMapp 2020. The network maps were generated based
upon chemical similarity utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG)
metabolic network database and Tanimoto substructure similarity coefficients [57]. Then,
the processed data were visualized in Cytoscape (Version 3.7.2, Institute for Systems Biology,
Seattle, Washington, DC, USA) Further enrichment analysis was performed utilizing the
open-source software “Chemical Similarity Enrichment Analysis for Metabolomics” or
“ChemRICH”. ChemRICH (University of California, Davis; Davis, CA, USA) utilizes
chemical ontologies and structural similarities to generate nonoverlapping sets of identified
metabolites. This method does not rely upon the size of a background database or defined
biochemical pathways [58].

4.5. Statistical Analysis

The analyses of identified metabolites were evaluated by both univariate and multi-
variate analyses utilizing MetaboAnalyst (Version 5.0, McGill University; Montreal, Quebec,
Canada). Metabolites were evaluated for fold change and statistical significance. A thresh-
old of significance was set at a p-value of less than 0.05 and was used in both metabolomic
and chemometric metabolic enrichment analyses. The chemometric analysis was accom-
plished using ChemRICH, with metabolites of significant interest having a p-value of <0.05.
Statistical analyses, including linear regression and Spearman’s rank correlation, were
performed utilizing JMP Pro 15 (SAS Institute, Cary, NC, USA).

5. Conclusions

The data obtained from this study were intended for the generation of hypothesis re-
garding the effects on the plasma metabolome involved in RA progression and in response
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to MTX therapy. It is necessary to note that while as many variables as possible were
controlled for, metabolomic analysis has been shown to be sensitive to diet and physical
activity [59]. The power of this study is restricted due to the relatively small sample size,
and further conclusions must be drawn from a larger and more diverse cohort. Despite this,
significant changes in the plasma metabolome were observed in association with RA, and
in response to MTX therapy. Many important changes in a variety of metabolic pathways
occur in RA, with a return towards normalized levels observed following MTX therapy,
especially metabolites involved in fatty acid/lipid metabolism, nucleic acid metabolism,
and energy metabolism. Key metabolites involved in purine and pyrimidine biosynthesis
and the citric acid cycle appear to be critical in the pharmacological response to MTX.
Future work will focus on identification of the roles of hypoxanthine and nicotinamide
in MTX therapy, and determining if additional metabolites may serve as suitable clinical
biomarkers for the prediction of MTX efficacy in RA.
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