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Abstract: Immune-mediated inflammatory diseases (IMIDs), such as rheumatoid arthritis (RA),
psoriatic arthritis (PsA), and psoriasis (Ps), represent autoinflammatory and autoimmune disor-
ders, as well as conditions that have an overlap of both categories. Understanding the underlying
pathogeneses, making diagnoses, and choosing individualized treatments remain challenging due
to heterogeneous disease phenotypes and the lack of reliable biomarkers that drive the treatment
choice. In this review, we provide an overview of the low-molecular-weight metabolites that might
be employed as biomarkers for various applications, e.g., early diagnosis, disease activity monitoring,
and treatment-response prediction, in RA, PsA, and Ps. The literature was evaluated, and putative
biomarkers in different matrices were identified, categorized, and summarized. While some of these
candidate biomarkers appeared to be disease-specific, others were shared across multiple IMIDs,
indicating common underlying disease mechanisms. However, there is still a long way to go for their
application in a routine clinical setting. We propose that studies integrating omics analyses of large
patient cohorts from different IMIDs should be performed to further elucidate their pathomechanisms
and treatment options. This could lead to the identification and validation of biomarkers that might be
applied in the context of precision medicine to improve the clinical outcomes of these IMID patients.

Keywords: biomarkers; precision medicine; metabolomics; lipidomics; psoriasis; arthritis, rheumatoid;
arthritis, psoriatic; immune-mediated inflammatory diseases

1. Introduction
1.1. Immune-Mediated Inflammatory Diseases

Immune-mediated inflammatory diseases (IMIDs) encompass conditions of the “in-
flammatory spectrum” in which autoinflammatory and autoimmune disorders represent
the two ends of the spectrum, and, within this field, a multitude of conditions with over-
lapping characteristics can be found [1]. Moreover, autoinflammatory and autoimmune
diseases have different etiologies: On the one hand, autoinflammatory diseases are charac-
terized by systemic inflammation that is caused by the innate immune system. On the other
hand, autoimmune diseases show inflammation and degradation of local tissue with the
involvement of the adaptive immune system and subsequent high levels of autoantibodies
and self-reactive lymphocytes [2]. Rheumatoid arthritis (RA), psoriatic arthritis (PsA),
and psoriasis (Ps) are classified as IMIDs, whereby RA represents an autoimmune disease,
and PsA and Ps are assigned to the mixed-pattern diseases (Figure 1) [3]. This review
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focuses on those three IMIDs due to the clinical similarities of RA and PsA, particularly
in early undifferentiated disease stages, and since both diseases display poly-articular
phenotypes and there is a high need for discriminative biomarkers for early diagnosis and
disease management. This is also important in the case of PsA and Ps, as diagnosis is often
delayed, and this can lead to worse outcomes and irreversible damage [4]. The clinical
phenotypes of the aforementioned diseases differ from those of other IMIDs, e.g., systemic
lupus erythematosus (SLE) or inflammatory bowel disease (IBD), in which different organ
systems may be involved. Thus, the scope of this review mainly encompasses RA, PsA, and
Ps. Nevertheless, comparisons to other IMIDs are occasionally made to enable a look at the
wider picture. We further point out differences and similarities in the metabolic profiles of
IMIDs, discuss the observed findings, and propose directions for future studies.

AUTOINFLAMMATORY
AUTOIMMUNE MIXED PATTERN AUTOINFLAMMATORY
DISEASES DISEASES DISEASES
» Rheumatoid Arthritis » Psoriasis Vulgaris « Crohn's Disease
« Systemic Lupus * Psoriatic Arthritis + Ulcerative Colitis
Erythematodes

Figure 1. Tabular overview of immune-mediated inflammatory diseases (IMIDs). Adapted from
Reference [3].

1.2. Rheumatoid Arthritis

RA is a chronic autoimmune disease and represents the most common immune-
mediated inflammatory disease [5,6]. Approximately 0.5% to 1% of the world population is
affected by RA, with a higher prevalence in women than in men [5]. Its clinical picture is
characterized by inflammation of the synovium, leading to mainly symmetric polyarthri-
tis [7]. Inflammation causes changes in the cell environment, such as hypoxic conditions,
and leads to the release of cytokines and chemokines, which alter the metabolic profile
and determine disease progression (Figure 2) [8,9]. It can progress as an erosive disease,
leading to bone erosion, with disability and movement restrictions in the involved joints.
Additionally, RA patients often suffer from comorbidities, such as cardiovascular diseases.
Specific diagnosis is difficult [10] since it relies on classification criteria that include clinical
phenotype, imaging findings, and the combined measurements of anti-CCP antibodies
(ACPAs) and rheumatoid factors (RFs) in blood. ACPAs are only detectable in 60-80% of
RA patients, and RFs are nonspecific due to their additional occurrence in patients with
other autoimmune diseases, as well as in healthy subjects [11]. Especially in early disease
stages, symptoms are highly variable, and the distinction from other types of arthritides is
limited [12].

1.3. Psoriatic Arthritis

PsA is a mixed-pattern disease, as it features characteristics of an autoimmune, as
well as an autoinflammatory disease. It is characterized by inflammatory processes in the
musculoskeletal structures which can lead to the impairment of physical functioning [4].
Enthesial musculoskeletal structures are the main target of inflammation, but the synovium
is also greatly affected and clinical phenotypes may have similarities to RA. Besides bone
erosions, bone proliferation is typically detected [14], which differentiates PsA from RA.
Moreover, PsA patients have a mainly asymmetric form of arthritis (oligo- or polyarthritis)
and are commonly affected by non-articular manifestations and comorbidities, e.g., uveitis,
cardiovascular diseases, and obesity [15]. There are no known disease-specific antibodies,
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but it is well established that a class I major histocompatibility complex (MHC) allele,
HLA-B27, is associated with PsA [16].
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Figure 2. Schematic illustration of disease progression in RA with implied possible loss of remission.

Adapted from Reference [13].

1.4. Psoriasis
Ps is a chronic immune-mediated inflammatory skin disorder that is also considered a

mixed-pattern disease. Its worldwide prevalence ranges from 0.91% to 8.5% [17]. Plaque
psoriasis, which is also called psoriasis vulgaris, is the most frequent form and makes
up more than 80% of all psoriasis cases. Three other subtypes of psoriasis are known,
including guttate psoriasis, erythrodermic psoriasis, and pustular psoriasis [18]. Only the
indications plaque psoriasis, cutaneous psoriasis, or just psoriasis were considered during
our search of the literature for this review and subsumed under the term psoriasis (Ps). The
clinical picture of psoriasis is characterized by erythematous and scaly patches (so-called
“plaques”) which are located on the head, ears, elbows, and knees, as well as gluteal and
umbilical areas most of the time. Due to these skin changes and stigmatization, Ps patients
frequently suffer from psychosocial problems. There is also a high rate of comorbidities,
such as psoriatic arthritis, cardiovascular diseases, and obesity [18].

1.5. Disease Progression from Psoriasis to Psoriatic Arthritis
Usually, Ps precedes the diagnosis of PsA, and approximately 30% of Ps patients
will develop PsA [16]. The factors that cause PsA are complex and include individual
variations of the genotype, phenotype, and the immune system, as well as environmental
factors (Figure 3). In general, the time to diagnosis of active PsA is delayed when disease
activity is high and musculoskeletal inflammation with radiographic damage can already
be observed. This results from the lack of diagnosis criteria and well-validated diagnostic
tools. Further research might improve early PsA diagnosis in Ps patients at risk for PsA and
prevent disease progression in its early stages [19]. Furthermore, PsA offers the potential
for personalized or precision medicine, as the majority of PsA patients does not achieve

optimal treatment results [20].
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Figure 3. Schematic illustration of disease progression from Ps to PsA. Adapted from Reference [14].

1.6. Precision Medicine, Biomarkers, and Metabolomics

As defined by the National Institutes of Health (NIH), precision medicine represents an
emerging approach for personalized disease treatment and prevention. Precision medicine
aims at improving clinical outcomes by incorporating individual differences of patients,
such as in genotypes and metabolic profiles, and clustering these patients into subgroups
that will likely benefit from a common treatment approach. Patient clustering presumably
leads to the identification of biomarkers that are distinct for specific patient subgroups [21,22].

Biomarkers can be defined as measurable indicators of normal biological processes,
pathogenic processes, or biological responses to treatment. Their utilization is very versatile
as they can be employed as diagnostic tools, for monitoring disease activity and severity, for
prediction of treatment outcome, as well as for the prognosis of disease progression. Seven
distinct biomarker categories were defined by the FDA-NIH Biomarker Working Group:
diagnostic, risk, prognostic, predictive, monitoring, response, and safety, as displayed in
Figure 4 [23].

Biomarker

Figure 4. Biomarker categories according to the FDA-NIH Biomarker Working Group BEST Resource.
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One example of indicators that can potentially act as biomarkers are low-molecular-
weight metabolites which collectively constitute the metabolome of a living organism. The
scientific approaches that deal with profiling the metabolome or specific metabolites are
summarized under the term “metabolomics” [24,25]. Moreover, metabolomics is one branch
of the “omics” sciences, which also comprise genomics, transcriptomics, and proteomics.
The integration of multiple “omics” approaches is called “multi-omics” and enables further
understanding of underlying disease mechanisms and, thus, might pave the way for the
development of novel treatment options. Moreover, metabolite panels rather than single
metabolites might be more suitable for the application as biomarkers [26,27].

In this review, we provide an overview of metabolites that might be employed as
biomarkers for various applications, e.g., diagnosis, disease activity monitoring, and drug-
response prediction, in RA, PsA, and Ps. A systematic review of the literature in PubMed,
using the search terms provided in Supplementary Table S3, was performed. The last
search inquiry was entered on 19 January 2022. References from the collected articles were
also reviewed, and articles that were identified through other sources (e.g., Google Scholar
search or recommendations) were additionally included. This search strategy yielded
around 1100 titles that were assessed based on the following criteria: (1) study involved
subjects suffering from either RA, PsA, or Ps; (2) study investigated at least one of the seven
biomarker categories defined by the FDA-NIH Biomarker Working Group BEST Resource;
and (3) study conducted an omics or similar experiment. In total, 67 publications were
chosen for this review; they are listed in Supplementary Table S1.

2. Rheumatoid Arthritis

RA was addressed in numerous studies, using metabolomics analysis, and a broad
range of interesting compounds was identified (Table 1). These metabolites have the
potential to be employed as biomarkers in various matrices, and they mainly include amino
acids, tricarboxylic acid (TCA) cycle metabolites, lactic acid, glucose, and cholesterol, as
well as lipids.

In particular, lower concentrations of glutamine were reported in plasma [28] and
serum [26,29,30]. Glutamine is the most abundant free amino acid in human blood and acts
as an immunomodulator since it affects T-cell-mediated immunity [29]. Furthermore, it is
necessary for protein biosynthesis and is connected to energy generation, as it is providing
intermediates for the TCA cycle [31]. For histidine, which was linked to inflammation, as
it displays anti-inflammatory and antioxidant properties [32], decreased levels were de-
scribed in plasma [32,33] and serum [29,34,35]. Nonetheless, histidine supplementation was
reported to be not beneficial for the treatment of RA [35]. Histidine levels also showed to be
negatively correlated with different disease activity scores in serum [35] and plasma [32];
thus, it might be a useful monitoring biomarker for RA disease activity. Certain biomarkers
can also be used to determine the risk of developing a specific disorder. One example of
risk biomarkers is symmetric dimethylarginine (SDMA), as it showed associations with
hypertension and hyperlipidemia in RA patients [36]. Changes in levels of valine, leucine,
and isoleucine, which are classified as branched-chain amino acids (BCAAs), were also
found. In an adjuvant-induced (AIA) rat model, valine and leucine showed lower concen-
trations in plasma [33]. Additionally, decreased concentrations of valine and isoleucine
were found in the serum of RA patients [30,37]. The decrease in valine concentrations might
result from its consumption to fuel the TCA cycle due to lower glycolytic activity [33]. By
contrast, elevated BCAA levels were measured in the synovial fluid and articular joints,
and they might indicate changes in inflammatory conditions, as BCAA are involved in the
promotion of inflammation, migration, and oxidative stress [30,38]. The observed increase
of BCAA levels in the synovial fluid might also be the result of collagen breakdown [33].
Moreover, responders to treatment with etanercept, a tumor necrosis factor inhibitor (TNFi),
showed increased serum levels of BCAAs [39]. The taurine biosynthesis pathway was also
found to be dysregulated in RA patients, and lower taurine levels were detected in patients
with RA [28]. Additionally, taurine showed the potential to be employed as a biomarker for
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response to methotrexate (MTX) and TNFi therapy in RA serum samples, as elevated levels
were found in MTX responders and decreased levels were found in TNFi responders [40].

Concentrations of citric acid, a TCA cycle metabolite, were reported to be lower in
the blood and urine of RA patients when compared to healthy controls [29,41]. Serum
levels of citric acid also appeared to be suitable to predict response to abatacept, which is a
T-cell activation inhibitor, as it was elevated in responders [40]. In addition to citric acid,
lactic acid showed a positive correlation with infliximab treatment in another study [42].
Lactic acid levels were higher in RA serum [26,29,43], plasma [44], and synovial fluid [45].
This might be the result of increased energy demand and production under hypoxic
conditions, and it is caused by permanent inflammation. As a consequence, the enzyme
lactate dehydrogenase is upregulated [26,45], which then leads to pathogenic angiogenesis,
pannus formation, and the amplified catabolization of pyruvic acid, an intermediate of
glucose, to lactic acid [45]. This is in accordance with the observed lower levels of pyruvic
acid and glucose in the blood of RA patients [29]. In general, levels of lactic acid might be
an indicator of active arthritic inflammation, as increased levels were also found in other
arthritic conditions [26], and a suitable candidate for disease activity monitoring, since its
concentrations were described to positively correlate with disease activity scores in the
plasma [44] and serum [43] of RA patients.

Acylcarnitine levels were decreased in RA patients compared to healthy controls [46],
and short-chain acylcarnitines were reported to be lower concentrated in the serum of
women who later develop RA [47]. Carnitine plays a key role in fatty acid metabolism,
as it is responsible for the transport of fatty acids into the mitochondrial matrix, where f3-
oxidation is performed to generate energy [48]. It is also known that low carnitine levels are
linked to aging, chronic inflammation, chronic renal failure, malnutrition, and cachexia [47].
Thus, decreased levels of acylcarnitines might result from impaired carnitine biosynthe-
sis [46] due to inflammation and cachexic conditions in RA patients. Multiple studies
described lower total cholesterol levels in the serum and plasma of RA patients compared
to healthy controls or in a cohort that is going to develop RA in the future [29,34,49-52].
This might result from chronic inflammation and the subsequent upregulation of lipid
catabolism and -oxidation. Furthermore, the development of RA might be caused by a
greater susceptibility to inflammation due to a dysregulated lipid profile or the same factors,
which lead to the development of RA and induce dysregulation of the lipid profile [53].
By contrast, the levels of total cholesterol were also found to be elevated in the serum [49]
and plasma [44,54] of RA patients. It was suggested that lower total cholesterol levels are
associated with active inflammation [34] and that the levels are adjusted to homeostasis
after treatment with anti-inflammatory drugs [55]. This is in accordance with the described
increases in cholesterol levels after the administration of an IL-6 receptor blocker [56], a
Janus kinase (JAK) inhibitor [57], or DMARDs [55] to RA patients. Cholesterol is also
associated with RA disease activity, as positive and negative correlations were reported in
plasma [44] and serum [53,58], respectively. Moreover, it was reported that serum lipids, i.e.,
lysophosphatidylcholine, phosphatidylcholine, ether-linked phosphatidylethanolamine,
and sphingomyelin subclasses, were also negatively correlated with RA disease activity.
The serum lipidome might additionally determine RA disease progression and response to
DMARD treatments [59].
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Table 1. Changed metabolites in theumatoid arthritis (RA). Biomarker category highlighted in bold:

Corresponding metabolites listed in column “Results”.

Disease Activity Patients Biomarker
Reference Matrix Instruments and/or . Results
. Treated? Categories *
Severity
Rantapaa- ELISA and T lipoprotein (a)
Dahlqvist Pl .. . Medi Ye D
1391(};65] asma radioimmunoassay kit edian €s ! cholesterol, HDL
cholesterol C-21, lactate,
Lauridsen Mixed: DAS28 0 acetylated glycoprotein,
2010 [44] Plasma TH-NMR active (5.0), N/A DM unsaturated lipid
. ission (2.
in remission (2.6) f HDL
Chandrasekharan o, '~ = LC-MS DAS28 (2.7) Yes (mixed) D, Ri T L-omnithine, ADMA, SDMA
2018 [36] . .
1 L-citrulline
Sasal 2019 Mixed: DAS28-ESR o T N,N-dimethylglycine, urea
asa[ 312 ] Plasma CE-Q-TOF-MS active (>3.2), biologicals D,M guanidoacetic acid, histidine,
: inactive (<3.2) & 3 homoarginine or
N6,N6,N6-trimethyllysine
ethanolamine phosphate,
Kishikawa ¢, ATRGDRADE
2021 [60] Plasma CE-TOF-MS N/A N/A D 6-aminohexanoic acid,
taurine
1 xanthine
4 glutamic acid, arginine,
methionine
Liu 2021 [33] Plasma UPLC-LTQ/ Orbitrap- N/A No (rat D proline, vahpe, tyros.me,
MS model) i phenylalanine, leucine,
glycine, tryptophan, histidine,
threonine
He 2021 [28] Plasma GC-Q-TOF-MS Mlxedl:1 .medlum, N/A D i glutamine, cysteme, citric
igh acid
. . . . in plasma: long-chain
Kréhenbtihl Plasma, Radioenzymatic assay i S
1999 [46] Urine and HPLC DAS (4.35) N/A b acylcarnitine
1 in urine: carnitine
4 glyceric acid, D-ribofuranose,
Madsen 2011 S GC-TOF-MS and Mixed: DAS28 Yes (mixed) D hypoxanthine
[34] erum UPLC-MS (4.06) histidine, threonic acid,
1 methionine, cholesterol,
asparagine, threonine
T lactic acid
Ouyang 2011 . .
[29] Serum 1H-NMR N/A Yes (mixed) D glucose, creatinine, pyruvate,
l}  citrate, proteinogenic AAs,
glycerides, phosphocholine
4 3-hydroxybutyrate, lactate,
. acetylglycine, taurine, glucose
Young 2013 Naive for
[43] Serum TH-NMR N/A DMARDSs DM | LDL-CH3, LDL-CH?, alanine,
methylguanidine, lipids
homoserine, glyceraldehyde,
1 lactic acid, dihydroxyfumaric
Jiang 2013 GC-TOF-MS and Mixed: active, acid, aspartic acid
[26] Serum UPLC-QTOF-MS  mild, or moderate N/A D.M Lo
1 ,8-dimethylnonanoyl

carnitine
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Table 1. Cont.

Disease Activity

Reference Matrix Instruments and/or Patients Blomar‘ker Results
. Treated? Categories *
Severity
4 3-hydroxyisobutyrate, acetate,
Zabek 2016 Serum 1H-NMR DAS28 Yes (no TNFi) D, M NAC, acetoacetate, acetone
[37] (6.84) . . .
i valine, isoleucine, lactate, alanine,
creatinine, GPC APC, histidine
4 fatty acids, cholesterol,
carbohydrates
Zhou 2016
[49] Serum GC-MS N/A N/A D amino acids, glucose,
1 1,5-anhydrosorbitol, urate,
2-ketoisocaproate
4-methoxyphenylacetic acid,
glutamic acid, leucine,
T phenylalanine, tryptophan,
. ) DAS28 proline, glyceraldehyde, fumaric
Li2018 [54] Serum UPLC-HRMS (median 6.40) N/A D acid, cholesterol
1 capric acid, argininosuccinic acid,
bilirubin
Dubev 2019 compared to reactive arthritis:
[%] Serum 1TH-NMR N/A No DMARDs D 1 leucine, valine, phenylalanine,
. arginine/lysine
Souto- 1H-single-pulse D T phenylalanine
Carneiro Serum NMR and DAS28-CRP (2.3) Yes (RA/PsA) alanine, threonine, leucine, valine,
2020 [61] CPMG NMR J} acetate, creatine, lactate, choline,
lipid ratios
CAR 20:3, aspartyl-phenylalanine,
Luan 2021 Mixed: low, T pipecolic acid, PE (18:1), LPE
[35] Serum LC-HRMS moderate, high N/A D (20:3)
} histidine, phosphatidic acid (28:0)
Koh 2022 Serum, . . . No lipid LPC, PC, EtherPC, PE, SM
[59] SF UPLC-Q-TOF-MS Mixed: low, high modulators DM T subclasses
L1a[0522]0 13 Blood N/A N/A Yes D 1 total cholesterol, LDL
lactic acid, carnitine, pipecolinic
s T acid, diglycerol,
Yang 2015 Mlxe.d. DAS28 beta-mannosylglycerate
SF GC-TOF-MS inactive (<3.2), N/A D
[45] . . N .
active (>3.2) valine, citric acid, gluconic
1 lactone, glucose, G-1-P, mannose,
ribitol, 5-methoxytryptamine
Mixed: DAS28 ver t i
Alonso 2016 Urine 1H-NMR ery Yes D, M T yrosine
[41] low (1.7), very high . . -
(5.5) i N-acetyl amino acids, citrate,
’ alanine, carnitine
1-methyl-4-phenyl-1,2,3,6-
Sosaki 2019 Mixed: DAS28-ESR o otraltydropyridine,
asaki . A 3 . . . -quinolinecarboxylic acid,
[32] Urine CE-Q-TOF-MS active (>3.2), No biologicals DM T gibberellic acid, hypotaurine,

inactive (<3.2)

N-acetylglucosamine
1-phosphate, riboflavin
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Table 1. Cont.

Disease Activity

Reference Matrix Instruments and/or Patients Blomar‘ker Results
. Treated? Categories *
Severity
T glucuronate
6-bromotryptophan, bilirubin,
Hur 2021 Mixed: biliverdin,
[62] Plasma UPLC-MS DAS28-CRP (3.0) Yes M,D ! N-acetyltryptophan,
N-acetyltyrosine, serine,
trigonelline
b 2015 DAS28-CRP es (et . A isoleucinle, leucine, valine,
riori responders es (etanercep alanine, glutamine, tyrosine,
[39] Serum 1H-NMR (mecrl)ian 456) plus DMARDs Pre glucose
’ d/or GC
non-res. and/or GC) 3-hydroxybutyrate
(median 4.65) '
in good responders: sn1-LPC
Cu”[’g% 2016 oo im LC-MS DAS28 (4.5) No biologicals Pre, M T (15:0), lysine
i in good responders: sn1-LPC
(18:3-w3/ w6), ethanolamine
TNFi responders: betonicine;
T ABT responders: citric acid,
. . inic acid
Takahashi Mixed: moderate, Yes (TNFi or quinic acy
2019 [40]  OeTUm CE-TOF-MS high abatacept) Pre TNFi res.: glycerol
i 3-phosphate, N-acetylalanine,
hexanoic acid, taurine; ABT
res.: 3-aminobutyric acid
4 histamine, glutamine,
Kapoor 2013 Urine 1D-NMR Severe Yes Pre xanthurenic acid
[42] .
1 ethanolamine
kynurenine, LPC (16:0),
1T hypoxanthine, LPC (14:0),
Surowiec 3-indolelactic acid, PLs, SM
2016 [64] Plasma LE-MS None No Pro oleic acid, p-hydroxypalmitic
1 acid, fatty acids,
acylcarnitines
Chu 2020 Plasma UHPLC-HRMS Healthy No Pro i acylcarnitine, cho}esterol
[47] ester, polyamine
total cholesterol, triglycerides
van Halm ELISA, 1 , trigly ]
2007 [53] Serum immunoturbidimetric Healthy N/A Pro apo B
method 1 HDLc
Myasoedova Blood N/A N/A N/A Pro 1 total cholesterol, LDL
2010 [51]
J onssi(;g] 2001 Serum  Dry chemistry, ELISA Early Yes (mixed) Ri T cholesterol, ?a]?ilcd)l LDL/HDL

* D, diagnostic; M, monitoring; Pre, predictive; Pro, prognostic; Re, response; Ri, risk; S, safety.

3. Psoriatic Arthritis

Several studies also investigated the metabolic profile of PsA and correlated it with
diagnosis and disease activity monitoring; however, the number is considerably smaller
compared to the number of studies that deal with the metabolic profile of RA patients [65].
Nonetheless, candidate biomarkers for PsA could be identified (Table 2) and are presented
in the following.

For instance, increased levels of glucuronic acid were found in the serum of PsA
patients compared to healthy controls. Since glucuronic acid is a building block of gly-
cosaminoglycans (GAGs), it was suggested that this increase is associated with the release
of two GAGs, namely hyaluronan and chondroitin sulfate. Hyaluronan might be released
from joint destruction due to inflammation, and the increased chondroitin sulfate levels
might be caused by changes in lesional skin, since higher chondroitin sulfate levels can
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also be found in Ps skin samples [66]. Thus, measuring the levels of glucuronic acid in
peripheral blood might improve diagnosis and disease activity monitoring in PsA, as well
as in Ps. Furthermore, increased levels of trimethylamine N-oxide (TMAO) were detected
in PsA serum samples, and a correlation with disease activity in skin and joints was pre-
sented. It was suggested that higher activity of the enzyme FMO3, which metabolizes TMA
to TMAO, might cause the observed increase, since FMO3 is known to be upregulated
in obese patients, and PsA, as well as Ps, is linked to obesity and metabolic syndrome.
Although TMAOQ is a contributing factor to vascular inflammation, its role in PsA inflam-
mation remains unclear [67] and should be further investigated. As in RA, lower urinary
concentrations of citric acid were found in PsA patients compared to healthy controls [41].
In addition to their potential application as a diagnostic biomarker, urinary citric acid levels
might also prove suitable for disease activity monitoring, as they exhibited an inverse
correlation with disease activity [41].

In a previous study, correlations between different disease activity scores and pro-
inflammatory eicosanoids (PGE2, HXB3, and 6,15-dk,dh,PGFla), as well as anti-inflammatory
(11-HEPE, 12-HEPE, and 15-HEPE) eicosanoids, were shown. Additionally, lower levels of
anti-inflammatory resolvin D1 were detected in PsA patients with high disease activity. It
was suggested that these changes in eicosanoid levels might contribute to either the main-
tenance or the resolution of inflammation, but more research is still required to elucidate
the importance of eicosanoids in the development of PsA [68].

Moreover, monitoring the levels of free 4-hydroxynonenal (4-HNE) and 4-HNE
adducts in the mononuclear cells of Ps patients might be suitable to predict the conversion
from Ps to PsA if combined with the monitoring of other lipids. Higher adduct levels were
found in Ps patients, whereas levels of free 4-HNE were increased in patients who develop
PsA. Moreover, 4-HNE is a known biomarker of lipid peroxidation and acts as a lipid
mediator with an influence on inflammation and immunological responses. The observed
differences in free 4-HNE and 4-HNE adduct levels indicate distinct disease mechanisms in
PsA and Ps [69]. However, a recent study could not show any significant differences in the
serum samples of PsA converters and non-converters. Although the metabolic coverage
of this study was limited due to the employment of a SPME protocol, this finding might
suggest that the small molecule metabolic differences in blood samples are too subtle to
predict PsA development [65].

Ultimately, reliable prognostic biomarkers for the development of PsA in Ps patients
are not yet available, even though the diagnosis of PsA before its clinical manifestation
would be desirable in order to initiate early treatment and prevent disease progression. In
this respect, it was demonstrated that a diagnostic delay of only 6 months might already
cause significantly more joint erosions and impaired physical function [70].

Table 2. Changed metabolites in psoriatic arthritis (PsA). Biomarker category highlighted in bold:
Corresponding metabolites listed in column “Results”.

Disease Activity Patients Biomarker

Reference Matrix Instruments and/or Results
? jes *
Severity Treated? Categories
Kishikawa  plasma CE-TOE-MS Ps: PASI (1.8) Yes (mixed) D T tyramine
2021 [71] LC-TOF-MS (PsA/Ps) mucic acid
lipid peroxidation products
(4-hydroxynonenal, isoprostanes, and
Ambrozewicz Plasma UPIICACS_aQI1£OF- N/A I\L(;gr‘gfﬁgs D T neuroprostanes),
2018 [72] GC_FID study) endocannabinoids (AEA and 2-AG)
i phospholipids and free

polyunsaturated fatty acids
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Table 2. Cont.

Disease Activity

Patients

Biomarker

Reference = Matrix Instruments Saer:;:/r(i)try Treated? Categories * Results
long-chain fatty acids (e.g.,
3-hydroxytetradecanedioic acid,
. Mixed: mild, No (at 3-hydroxydo-decanedioic acid),
2(1;2010})6}’/5] Serum HPI“S(I:)REI_I;M s moderate, baseline D,M T 1,11-undecanedicarboxylic acid,
severe levels) eicosanoids (pro- or anti-inflammatory;
including prostaglandins, leukotrienes,
1H-sinel alanine, threonine, leucine, valine,
Souto- -SIngle- D 1 acetate, creatine, lactate, choline, L3/L1,
Carneiro Serum pulse NMR DAS28-CRP (2.3) Yes (PsA/RA) L5/L1, L6/L1
2020 [61] and ,
CPMG NMR 1 phenylalanine
Qéﬁsfé‘g}‘g Serum GC-TOF-MS PASI (13.2) Yes D 1 glucuronic acid
glutamine, heptanoic acid,
4 pseudouridine, inosine, guanosine,
GC_TOF-MS arabitol, cystine, cysteine, phosphoric
Madsen S - f B N/A Yes (mixed) D acid, succinic acid
2011 [34] eram an (PsA/RA) ISP
UPLC-MS glutamic acid, histidine, cholesterol,
i threonic acid, aspartic acid, glutamic
acid, 1-monooleoylglycerol, arachidonic
acid, serine
z(i‘;rfﬁsﬂ Serum LC-MS Mixed: (EI;SZS'PCR Yes (mixed) M 4 TMAO
pro-inflammatory eicosanoids (PGE2,
4 HXBS3, 6,15-dk,dh,PGF1a),
anti-inflammatory eicosanoids
Coras Mixed: DAS28-CPR (11-HEPE, 12-HEPE, 15-HEPE)
2019 [68] ~ Serum UPLC-MS high and low (2.72) Yes M - : :
anti-inflammatory eicosanoids
i (8,9-diHETYE, 11,12-diHETYE,
14,15-diHETYE, 19,20-diHDPA, 7,17
DHDPA, resolvin D1, 17-HdoHE)
Alonso . Mixed: DAS28-CPR N-acetyl amino acids, citrate, alanine,
2016 [41] Urine 1H-NMR high and low (2.72) Yes DM + trigonelline, methylsuccinate, carnitine
hi - ] - h -
Kapoor Urine 1D-NMR N/A Yes Pre T istamine, glutamine, xanthurenic acid
2013 [42] -
1 ethanolamine
8-isoPGF2«, free 4-HNE,
Wojcik Mononuclear UPLC-TOEF- N/A No (4 weeks D. Pro 1 endocannabinoids, eicosanoids (PGE1,
2019 [69] cells MS before the ’ LTB4, 13HODE, TXB2)
tud
study) | eicosanoids (15-d-PGJ2, 15 15-HETE)

* D, diagnostic; M, monitoring; Pre, predictive; Pro, prognostic; Re, response; Ri, risk; S, safety.

4. Psoriasis

During our evaluation of the literature, various low-molecular-weight metabolites indi-
cated their potential to be applied as biomarkers for diagnosis, disease activity monitoring,
and response prediction in Ps (Table 3) and are therefore discussed below.

In particular, changes in amino acid levels between Ps patients and healthy controls
could be determined, e.g., the decrease of glutamine [66] and the increase of ornithine
levels [48,73,74] in peripheral blood. In addition, glutamine levels were negatively cor-
related with the PASI score [31]. Glutamine might be depleted by immune cells and by
higher rates of protein biosynthesis. However, the changes in glutamine and ornithine
levels might also be explained by the increased keratinocyte hyperproliferation that can be
observed in Ps lesional skin [73-75]. Additionally, concentrations of free amino acids in
peripheral blood were able to predict the treatment response to the TNFi etanercept in a
previous study and exhibited a positive correlation with disease severity. Interestingly, it



J. Pers. Med. 2022, 12, 924 12 0f 23

was demonstrated that the metabolic profile of Ps patients was shifted to that of healthy
controls after treatment with etanercept [73].

Moreover, differences in concentrations of carnitines and acylcarnitines in peripheral
blood were detected between Ps patients and healthy controls, and this might be attributed
to increased fatty acid oxidation [31,76] and higher energy consumption of proliferating
cells [31,48]. In Ps lesional skin, short-chain acylcarnitines levels were elevated [77]; this
elevation might be connected to cachexic conditions that were previously reported for
Ps patients [73]. In addition, long-chain acylcarnitines were elevated in Ps lesional skin,
and this might be a contributing factor to inflammation and cellular-stress activation [77].
Moreover, perturbations in carnitine and acylcarnitines levels might be caused by the
abnormal lipid metabolism that was found in Ps patients. It was discovered that low
levels of phosphatidylcholines (PCs) and high levels of lysophosphatidylcholines (LPCs)
can be measured in Ps plasma [75,78] and serum [79] samples. Increased degradation
of PCs leads to higher concentrations of LPCs that can induce inflammation, generate
oxidative stress, and cause atherosclerosis [79]. This is consistent with the observation that
psoriasis is associated with obesity and metabolic syndrome. Lipolysis and beta-oxidation
were described to be amplified in Ps patients, and this might be caused by the increased
production of lipid mediators that are needed to resolve inflammation [76]. The decrease
of polyunsaturated fatty acids (PUFAs) in plasma [75] might be linked to the increased
production of oxidized derivatives that are associated with inflammation and immune
response. In this respect, elevated levels of oxidized linoleic acid and arachidonic acid
derivatives were found in the plasma and lesional skin of Ps patients [76]. However,
the distribution is different among these two matrices with fast proliferating Ps skin
excessively producing pro- and anti-inflammatory lipid mediators, such as 9-HODE and
13-HODE [76]. In the non-lesional skin of Ps patients, no significant metabolic differences
were found compared to the skin samples of healthy controls [77]. This finding implies
that inflammation processes are probably responsible for metabolic shifts in the skin of Ps
patients.

Table 3. Changed metabolites in psoriasis (Ps). Biomarker category highlighted in bold: Correspond-
ing metabolites listed in column “Results”.

Disease Activity

Reference  Matrix Instruments and/or Patients Blomar‘ker* Results
. Treated? Categories
Severity
Chen Plasma UHPLC- PASI (10.11) No D,M 1 EAAs, BCAAsS, carnitines (C6, C18:1-OH)
2021 [31] qTOF-MS . . . .
1 glutamine, cysteine, asparagine, carnitines
(C1e)
12<5;k1111[<7a]vi/a Plasma Eg:¥8£:m2 PASI (1.8) (m\i{)e(zd) D T ethanolamine phosphate
1 nicotinic acid, 20a-hydroxyprogesterone
threonine, leucine, phenylalanine,
tryptophan, palmitamide, linoleic amide,
Li 2019 UPLC T oleamide, stearamide, cis-11- eicosenamide,
1[75] Plasma TOF-I\_/ICSQ- PASI (9.93) No D trans-13-docosenamide, uric acid, LysoPCs
i oleic acid, arachidonic acid, N-linoleoyl
taurine
9-,13-HODE, laurylcarnitine, glycerol,
4 adenosine 5'-diphosphate,
Sorokin 7-beta-hydroxycholesterol, xanthosine,
2018 [76] Plasma LC-MS N/A No D N-stearoyltaurine, serotonine
i 5-oxoproline, gamma-glutamylglutamine,

methionine, cysteine, taurodeoxychoalte
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Disease Activity Patients Biomarker

Reference  Matrix Instruments and/9r Treated? Categories * Results
Severity
several proteinogenic AA, citrulline,
. Mixed: PASI ornithine, hydroxyproline, cystine, taurine,
2%?,?;;2] Plasma UPII_IISI\I;IE mil dl)(<1e A4), severe Yes (mixed) DM T cytidine, acetylglucosamine, GluCer (C16:0),
(16.5) S1P
1 cystathionine
o T PAF, LPCs, PI (18:0/16:2)
Li 2020 UHPLC- Mixed: PASI :
[79] Serum qTOE-MS moderate to severe N/A D cholestane-3,7,12,25-tetrol-3-glucuronide,
(>10) 3 PCs, LacCer (d18:1/12:0),

phenylalanylphenylalanine

Ottas S HPLC-MS
2017 [48] erum (biocrates)

urea, Glu, ornithine, Phe,
methioninesulfoxide, several PCs, phytol,
taurine, phytol, 1,11-undecanedicarboxylic
Mixed: PASI (1-34) No D,M acid, PE (20:4/0:0)

acylcarnitines (C9, C7 DC, C12, C10.2,

+ multiple ratios)
No (4 ki i i ic aci
201?;154] Serum GC-MS PASI (11.4) b(; Eor‘gifﬁes D, M T several proteinogenic AA, lactic acid, urea
crotonic acid, azelaic acid, ethanolamine,
study) i cholesterol
Armstrong Serum GC_TOF-MS PASI (9.7) Yes D T a-ketoglutaric acid
2014 [66] J asparagine, glutamine
4 AA, acylcarnitines, biogenic amines, LPCs,
zgz%h[l%] Skin I(—él:;i;ﬁg N/A N/A D PCs, histamine, ADMA (Ps lesional skin)
i 2 metabolite ratios—citrulline to ornithine
and ornithine to arginine (Ps lesional skin)
arachidonic acid metabolites (such as 8-, 12-,
Sorokin . 15-hydroxyeicosatetraenoic acid), linoleic
2018 [76] Skin LC-MS N/A No D T acid-derived lipid mediators,

13-hydroxyoctadecadienoic acid

* D, diagnostic; M, monitoring; Pre, predictive; Pro, prognostic; Re, response; Ri, risk; S, safety.

5. The Differences

RA, PsA, and Ps represent indications with distinct, although partly overlapping, dis-
ease phenotypes. Therefore, it seems reasonable to assume that these individual differences
are likewise reflected in their metabolic profiles. In this section, we want to take a closer
look at the discriminative characteristics (“the differences”) that previous studies identified
in the metabolic signatures of RA, PsA, Ps, and other IMIDs (Table 4). In order to ensure
that the observed differences were determined under the same experimental conditions,
we considered only the studies that performed direct comparisons between two or more
IMIDs. No further analysis was performed.

Table 4. Changes in metabolites and pathways that appear to be disease-specific for RA, PsA, or Ps.

Metabolites or Pathway

Trend Indication Matrix Instruments Blomar‘ker* References
Categories

Nucleotides (ATP, GDP, ADP)
Ethanolamine phosphate
6-Aminohexanoic acid
Taurine
Xanthine

RA (compared

to PsA and SLE) Plasma CE-TOF-MS D Kishikawa 2021 [60]

s —
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Table 4. Cont.

Metabolites or Pathway

Biomarker

Trend Categories *

Indication Matrix Instruments References

Glutamine
Heptanoic acid
Succinic acid
Pseudouridine
Inosine
Guanosine
Arabitol
Cystine
Cysteine
Phosphoric acid
Aspartic acid
Glutamic acid
Histidine
Serine
Arachidonic acid
Cholesterol
Threonic acid
1-Monooleoylglycerol

Serum GC-TOF-MS D
UPLC-MS

RA (compared

to PsA) Madsen 2011 [34]

Alanine, Threonine,
Leucine, Valine
Acetic acid
Lactic acid
Choline
Creatine
Phenylalanine
Specific lipid ratios

1H-single-
pulse NMR Souto-Carneiro 2020
and CPMG [61]
NMR

PsA (compared
to seronegative
RA)

Serum

Lignoceric acid
a-Ketoglutaric acid

PsA (compared

to Ps) GC-TOE-MS D

Serum Armstrong 2014 [66]

Tyramine
Mucic acid

CE-TOF-MS
Plasma LC—TOF-MS D

PsA (compared

to Ps) Kishikawa 2021 [71]

Phospholip. LA (18:2)
Phospholip. LA (18:3)
Free AA (20:4)
Free DHA (22:6)

UPLC-
QTOF-MS D
GC-FID

PsA (compared

to Ps) Ambrozewicz 2018 [72]

Plasma

Long-chain fatty acids

1,11-Undecanedicarboxylic acid

Eicosanoids

HPLC-
HRMS
(SPME)

PsA (compared

to Ps) Looby 2021 [65]

Serum

8-isoPGF2«x
4-HNE
4-HNE adducts
15-d-PGJ2
15-HETE

PsA (compared
to Ps)

Mononuclear UPLC-TOEF-

cells MS D, Pro

Wojcik 2019 [69]

Formic acid

R e e e S B T T IR e S e e I T e R e e e S e e S I o e e T o b = T SR SRS

SLE (compared

to RA) 1H-NMR D

Serum Ouyang 2011 [29]

* D, diagnostic; M, monitoring; Pre, predictive; Pro, prognostic; Re, response; Ri, risk; S, safety.

In a recent study, higher plasma levels of multiple nucleotides, namely ATP, GDP, and
ADP, as well as ethanolamine phosphate, 6-aminohexanoic acid, and taurine, were detected
in RA patients compared to healthy controls, whereas only xanthine exhibited reduced
concentrations in RA patients. Conversely, no significant differences were found in PsA
and SLE case-control studies, indicating that these metabolites might probably be utilized
as RA-specific diagnostic biomarkers [60]. Another study compared the RA and PsA serum
metabolomes and demonstrated varying concentrations of a series of amino acids, organic
acids, nucleosides, carbohydrates, lipids (i.e., glycerolipids, cholesterol, and fatty acids),
and phosphoric acid [34]. Moreover, the serum metabolomes of seronegative RA and PsA
displayed distinct characteristics, as well; that is to say, several amino acids, creatine, acetic
acid, lactic acid, and choline showed lower levels in seronegative RA. The only exception
was phenylalanine, which was more abundant in RA samples [61]. Additionally, it has
been stated before that RA and PsA patients show individual urinary metabolic profiles
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after treatment with the TNFi infliximab and etanercept, and this might indicate distinct
mechanisms of action that could be used for treatment-response prediction [42,80]. In
summary, metabolic differences between RA and PsA mainly involve the following classes:
nucleotides or nucleotide-related metabolites, amino acids, and lipids [80]. It was previ-
ously pointed out that RA, compared to other inflammatory arthritic conditions, features
peculiar characteristics regarding the processes linked to HIF (hypoxia-inducible factor), as
well as angiogenesis, and this might be an explanation for the observed differences [60].

Taking a closer look at metabolic differences between PsA and Ps, a pilot study
revealed that the serum samples of PsA patients had elevated levels of lignoceric acid and
decreased levels of a-ketoglutaric acid compared to the samples of Ps patients [66]. Another
work reported higher levels of tyramine and lower levels of mucic acid in PsA plasma
samples as compared to the samples of Ps patients [71]. In the case of x-ketoglutaric acid,
increased collagen synthesis in PsA might explain the observed differences [66]. However,
the other findings indicate a strong association between PsA and metabolic syndrome
(which is often found in both patient groups, but with a higher prevalence in PsA patients)
and perturbed lipid metabolism [66,71]. This is consistent with the previous note that lipid
profiles have a major influence on PsA disease activity [65]. Moreover, levels of long-chain
fatty acids and various eicosanoid classes exhibited higher concentrations in PsA serum
samples compared to Ps [65]. This matches the finding that plasma concentrations of PUFAs,
which are used for the production of eicosanoids, were decreased in PsA patients compared
to Ps patients [72]. Lipid peroxidation pathways also appear to be dysregulated, since
increased serum levels of 1,11-undecanedicarboxylic acid, a metabolite that is linked to
peroxisomal disorders, were found in PsA and Ps patients [65]. However, levels of 4-HNE,
which is another lipid peroxidation marker and lipid mediator, were higher in PsA patients,
and 4-HNE products were more abundant in Ps patients in samples containing mononuclear
cells [69]. Both indications, PsA and Ps, show an imbalance in lipid metabolism; however,
perturbations in PsA appear to be more substantial. This might also explain why metabolic
syndrome is more prevalent in PsA patients compared to Ps patients.

One evaluated study also compared the serum metabolic profiles of RA and SLE
patients with the profile of healthy controls and determined lower formic acid levels in
SLE patients. A possible explanation for this decrease is an upregulation of the purine
nucleotide biosynthesis due to chronic inflammation [29,81]. Although the observed change
was not shown for RA patients, another study demonstrated perturbations in purine and
pyrimidine concentrations in a RA mouse model [82]. This is also consistent with the
aforementioned finding that levels of purine nucleotides are elevated in the plasma samples
of RA patients [60].

6. The Similarities

IMIDs have similar inflammation processes [83], and metabolic overlaps in autoim-
mune diseases, such as RA and myasthenia gravis, have already been shown [84]. In fact,
we were able to identify metabolites and pathways during our search of the literature that
showed similar alterations in RA, PsA, Ps, and other IMIDs (Table 5 and Figure 5). In
this context, we summarized potentially diagnostic metabolites in a table, standardized
their names via the online resource RefMet, and identified intersections and differences in
Microsoft Excel. Corresponding Venn diagrams for RA, PsA, and Ps were created in Origin
(Figure 5), and the metabolites indicated in the Venn diagrams are listed in Supplemen-
tary Tables S4 and S5. We also included common metabolic changes that were reported
in previous works and that were determined from direct comparisons between different
patient groups.
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Metabolites showing increased levels Metabolites showing decreased levels
Ps Ps
39 22

(a) (b)

Figure 5. Venn diagrams illustrating potential diagnostic metabolites with (a) increased and

(b) decreased levels for RA, PsA, and Ps. A total of 128 unique metabolites showed increased
levels in various matrices, whereas 84 unique metabolites displayed decreased concentrations. A list
of the respective metabolites can be found in Supplementary Tables S4 and S5.

For instance, the amino acid metabolism showed similar alterations in all three dis-
eases, and this might generally be explained by an increase in energy demand and the
upregulation of protein biosynthesis. Glutamine exhibited lower levels in serum sam-
ples of RA and Ps patients, whereas increased concentrations of glutamic acid could be
observed in those two diseases [28,30,66]. In addition, the levels of BCAAs, which are
known to play a role in oxidative stress, inflammation, and cell migration, were changed in
RA and Ps, although to differing degrees. In RA, the levels of BCAAs were found to be
decreased [30,37], whereas, in Ps, the levels of BCAAs appeared to be increased [31,75]. In
SLE, concentrations of most amino acids, such as alanine, BCAAs, glutamine, and histidine,
were reduced in serum samples compared to healthy controls [29]. Likewise, the amino
acid metabolism was found to be perturbed in IBD, as serum levels of histidine were lower
in Crohn’s disease (CD), as well as in ulcerative colitis (UC) patients [85], and urinary
alanine concentrations were diminished in CD patients compared to healthy controls [41].

In the serum samples of RA, PsA [61], Ps [74], IBD [85], and SLE [29] patients, increased
lactic acid levels were described, which are likely caused by enhanced glycolytic activ-
ity [74,85]. For Ps and PsA, increased aerobic glycolysis was suggested to be advantageous
for keratinocyte proliferation [74]. In addition, lactic acid might directly affect inflamma-
tion processes, as it was shown to influence the CD4+ T-cell phenotype in arthritis [61].
Nonetheless, significantly different concentrations were found in the serum samples of
RA and PsA patients [61], indicating distinct underlying mechanisms associated with
lactic acid. However, the evidence regarding lactic acid levels in SLE is conflicting, since
concentrations were described to be both higher [29] and lower [86—88] in serum samples
compared to healthy individuals.

The levels of acylcarnitines and free fatty acids were decreased in peripheral blood of
RA [26,64] and Ps [48] patients; this might either be explained by amplified 3-oxidation due
to the increased energy demand in inflammatory conditions or by decreased lipolysis [64].
Furthermore, increased levels of LPCs were previously described in RA synovial fluid and
Ps blood samples [75,79,89]. LPCs are derived from PCs and are building blocks of cellular
membranes. They were described to possess pro-inflammatory properties and to be risk
factors for other diseases, such as atherosclerosis [75]. Moreover, the COX pathway was
found to be involved in the pathogenesis of RA and PsA [68].
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Table 5. Metabolites and pathways that show similar alterations in multiple IMIDs.

Metabolites or Pathway  Trend Indication Matrix Instruments g; t(:: E::il:ser* References
Alanine 1 RA, PS’ébPS' SLE, Urine 1H-NMR D Alonso 2016 [41]
J RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
1 RA Plasma GC-Q-TOF-MS D He 2021 [28]
Glutamine 1 RA Serum 1H-NMR D Dubey 2019 [30]
1 Ps Serum GC-TOF-MS D Armstrong 2014 [66]
J RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
Glutamic acid T RA, Ps Serum 1H-NMR D Dubey 2019 [30]
Histidine J RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
1 IBD Serum 1H-NMR D Dawiskiba 2014 [85]
1 RA Serum 1H-NMR D,M Zabek 2016 [37]
1 RA Serum 1H-NMR D Dubey 2019 [30]
J RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
BCAAs T RA SF 1H-NMR D Dubey 2019 [30]
4 fg‘ﬁ;ﬂgﬁ; SF GC-TOF-MS D Ahn 2015 [38]
T Ps Plasma UHPLC—qTOE-MS D,M Chen 2021 [31]
1 Ps Plasma UPLC-Q-TOF-MS D Li 2019 [75]
T RA Plasma LC-MS D Chandrasekharan 2018 [36]
T Ps Plasma UHPLC-HRMS D,M Kamleh 2015 [73]
Omithine 4 Ps Serum (}g(}cf;g D Ottas 2017 [48]
T Ps Serum GC-MS D Kang 2017 [74]
TCA metabolites 1 Ps, RA, IBD Urine GC-MS D, Pre Tsoukalas 2020 [90]
SLE Serum 1H-NMR D Ouyang 2011 [29]
Hippuric acid 1 Ps, IBD Urine 1H-NMR D Alonso 2016 [41]
Methylsuccinic acid 1 PsA, Ps, SLE, IBD Urine 1H-NMR D Alonso 2016 [41]
1 RA, SLE Serum 1TH-NMR D Ouyang 2011 [29]
Clricacid ! Réﬁgfgg S Urine 1H-NMR D Alonso 2016 [41]
J PsA, SLE, CD Urine 1H-NMR M Alonso 2016 [41]
1 RA Serum UPGLCC‘_TQOT%%;S D, M Jiang 2013 [26]
T RA Serum 1H-NMR D,M Young 2013 [43]
T RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
Lactic acid 1H-single-pulse
T PsA Serum NMR and CPMG D Souto-Carneiro 2020 [61]
NMR
T Ps Serum GC-MS D,M Kang 2017 [74]
T IBD Serum 1H-NMR D Dawiskiba 2014 [85]
Pyruvic acid N RA,SLE Serum 1H-NMR D Ouyang 2011 [29]
Glucuronic acid T PsA, Ps Serum GC-TOF-MS D Armstrong 2014 [66]
Trigonelline J PsA, Ps, IBD Urine 1H-NMR D Alonso 2016 [41]
Carnitine 1 RA, PsA Urine 1H-NMR D Alonso 2016 [41]




J. Pers. Med. 2022, 12, 924 18 of 23

Table 5. Cont.

Metabolites or Pathway  Trend Indication Matrix Instruments g; t(:: E::il:ser* References
1 RA Plasma LC-MS Pro Surowiec 2016 [64]
Agmmineid L sm SRR o —
' Ps Serum (ﬁ)ﬁ;&? D,M Ottas 2017 [48]
1,11- 1 PsA, Ps Serum HPLC-HRMS D,M Looby 2021 [65]
undecanedicarboxylic (SPME)
acid 1 Ps Serum (T;LCS;?S D,M Ottas 2017 [48]
PC: Phosphocholine 1 RA, SLE Serum 1H-NMR D Ouyang 2011 [29]
1 RA SF UHPLC—qTOF-MS D Nieminen 2022 [89]
LPCs + Ps Plasma UPLC-Q-TOF-MS D Li 2019 [75]
1 Ps Serum UPLC-Q-TOE-MS D Li 2020 [79]
COX pathway T RA, PsA Serum UPLC-MS M Coras 2019 [68]

* D, diagnostic; M, monitoring; Pre, predictive; Pro, prognostic; Re, response; Ri, risk; S, safety.

In PsA and Ps, serum levels of glucuronic acid were elevated in both patient groups
compared to healthy controls [66], and this might be explained by the association of
glucuronic acid with keratinocyte proliferation and epidermal differentiation [64]. As
mentioned before, levels of 1,11-undecanedicarboxylic acid, a metabolite that was linked to
peroxisomal disorders [65], were found to be elevated in the serum samples of both Ps [48]
and PsA [65].

Citric acid has great potential to be employed as a versatile biomarker for several
IMIDs, including RA, PsA, Ps, SLE, and IBD [41]. The observed decrease in citric acid levels
in urine is probably again the result of increased energy demand due to inflammation [85],
since citric acid is a TCA intermediate and is consumed for energy generation. Additionally,
another study revealed that further urinary TCA metabolites were decreased in RA and
Ps patients, as well as in patients suffering from IBD, and that they could be employed as
biomarkers for early diagnosis and disease prediction [90]. Moreover, TCA metabolites
were repeatedly described to be decreased in SLE serum samples [29,87,91]. Altered levels
of TCA metabolites might result from upregulated energy production in the context of the
TCA cycle [29]. Using citric acid and other TCA metabolites as biomarkers offers a major
advantage, as urine samples can be collected fast and non-invasively. In this regard, the
urine metabolome might be of major importance for diagnosis, disease activity monitoring,
and treatment prediction [92] in IMIDs. One study even demonstrated that the same
metabolic alterations can be observed in the urine samples of RA and PsA patients after
the administration of TNFi, suggesting that drug responses are likely based on a common
mechanism in those two diseases [42].

Even more commonalities between multiple IMIDs were previously described. For
example, the urinary metabolomes of certain IMIDs were shown to form aggregates in
a clustering analysis, i.e., PsA and Ps, CD and UC, and RA and SLE [41]. Interestingly,
another study also reported similar metabolic alterations in RA and SLE patients; however,
these alterations seemed more prominent in SLE [29]. Besides the aforementioned lower
levels of citric acid that were shared across various IMIDs, decreased urinary concentrations
of alanine were described in RA, PsA, Ps, SLE, and CD patients [41]. Additionally, lower
levels of methylsuccinic acid were found in urine samples from patients that suffer from
PsA, Ps, SLE, and IBD, and urinary trigonelline levels seemed to be decreased in PsA, Ps,
and IBD patients [41]. Hippuric acid levels were also found to be lower in urine samples
of Ps and IBD patients [41]. These findings are also partly in accordance with another
work that reported decreased urinary concentrations for citric acid, hippuric acid, and
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trigonelline in IBD patients [85]. In SLE patients, as well as in RA patients, decreased
serum levels of phosphocholine were detected which might be linked to its upregulated
consumption to synthesize PCs for cell membranes [29].

Most of the described similarities were determined through the comparison of multiple
studies that investigated discriminative metabolites between specific IMID patient groups
and healthy controls while using various experimental setups. Nevertheless, these findings
could be hinting at common disease mechanisms or mutual dysregulated pathways that
might be underlying in the present IMIDs and that might be treated with similar therapies.
In order to identify reliable biomarkers, the determination of metabolic differences and
similarities via direct comparisons between multiple patient groups under the same experi-
mental conditions need to be performed. Although some previous studies already adopted
this approach [29,41,90], more studies that consistently investigate the metabolic profiles
and treatment options of patients from different IMIDs are strongly required.

7. Conclusions

The application of low-molecular-weight metabolites as biomarkers in precision
medicine holds promise for improving diagnosis, disease activity monitoring, and treatment-
response prediction in IMIDs such as RA, PsA, and Ps. Nevertheless, there is a lack of
reliable biomarkers for these diseases, and their use in a routine clinical setting seems
far away, since biomarkers are often nonspecific, and their application is not sufficiently
studied or validated. Whereas certain metabolic alterations were only found in one indica-
tion, our evaluation of the literature pointed out that others were shared across multiple
IMIDs, thus suggesting that similar disease mechanisms might be underlying. In addition,
examples were described in which dysregulated pathways were adjusted by shifting the
metabolic profile of IMID patients to that one of healthy controls or in which the same
metabolic alterations in different patient groups could be observed after particular drug
treatments were carried out. We propose that the treatment of specific pathways and,
thereby, distinct patient subgroups, i.e., precision medicine, should be favored over the
treatment of mere indications. Therefore, studies that integrate omics analyses of large
patient cohorts from different IMIDs should be performed to identify and validate common,
as well as unique, biomarkers. In this way, metabolic profiles which are characteristic
of specific diseases could be identified. Ultimately, pathomechanisms and treatment op-
tions of patient subgroups across several IMIDs could be elucidated, and outcomes could
be improved.
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