Journal of

%

Clinical Medicine

Article

Comparative Analysis of Serum Amino Acid Profiles in Patients
with Myasthenia Gravis and Multiple Sclerosis

Piotr Koslifiski 1*©, Lukasz Rzepinski 231, Marcin Koba 1, Zdzistaw Maciejek >3, Mariusz Kowalewski
and Emilia Daghir-Wojtkowiak °

check for
updates

Citation: Koslinski, P.; Rzepinski, L.;
Koba, M.; Maciejek, Z.; Kowalewski,
M.; Daghir-Wojtkowiak, E.
Comparative Analysis of Serum
Amino Acid Profiles in Patients with
Myasthenia Gravis and Multiple
Sclerosis. . Clin. Med. 2024, 13, 4083.
https://doi.org/10.3390/jcm13144083

Academic Editors: Constantinos
K. Zacharis and Andreas Tsakalof

Received: 23 May 2024
Revised: 5 July 2024
Accepted: 7 July 2024
Published: 12 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Toxicology and Bromatology, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus
University in Torun, Dr. A. Jurasza 2, 85-089 Bydgoszcz, Poland; kobamar@cm.umk.pl

Department of Neurology, 10th Military Research Hospital and Polyclinic, Powstaricow Warszawy 5,
85-681 Bydgoszcz, Poland; luk.rzepinski@gmail.com (L.R.); z.maciejek@wp.pl (Z.M.)
Sanitas—Neurology Outpatient Clinic, 85-010 Bydgoszcz, Poland

Multiple Sclerosis Foundation, 78-449 Borne Sulinowo, Poland

International Centre for Cancer Vaccine Science, University of Gdansk, 80-309 Gdansk, Poland;
emilia.daghir-wojtkowiak@ug.edu.pl

*  Correspondence: piotr.koslinski@cm.umk.pl

Abstract: Background: Multiple sclerosis (MS) and myasthenia gravis (MG) are autoimmune dis-
eases that attack the central nervous system (CNS) and the neuromuscular junction, respectively. As
the common pathogenesis of both diseases is associated with an autoimmune background and the
involvement of T and B lymphocytes, the overlapping of selected clinical symptoms may cause diffi-
culties in the differential diagnosis of both diseases. Methods: The aim of the study was to use Liquid
Chromatography—Electrospray Ionization-Mass Spectrometry (LC-ESI-MS/MS) in conjunction with
multivariate statistical analyses to examine the changes in amino acid metabolic profiles between patients
with MG, MS, and a control group. Results: Comparative analysis of amino acids (AA) between patients
with MG, MS, and within the control group allowed for the identification of statistically significant
differences in the amino acid profile. Comparing the patients (patients with MS and MG) with the
control group, and after taking the results of multiple tests into account, it was observed that amino
acids such as ARG, PRO, TRP, CIT were significantly different between the groups. When considering
the comparison between the AA concentrations in MS and MG patients, we found three AAs that
were significantly different in the MS and MG groups, after correcting for multiple testing (CIT, GABA,
and AAA). Higher concentrations of amino acids that showed significant differences were observed in
patients with myasthenia gravis. Conclusions: Our results have indicated AAs that may prove valuable
for improving the diagnostics of MS and MG patients. To better assess the potential utility of these
markers, their performance requires further validation in a larger study group and limitation of possible
confounding factors, e.g., medications and diet.

Keywords: myasthenia gravis; multiple sclerosis; amino acids; biomarkers

1. Introduction

Neurological diseases that are based on immunological mechanisms have been stud-
ied for years, and many aspects still remain unclear [1]. Autoimmune mechanisms are
associated with both myasthenia gravis (MG) and multiple sclerosis (MS). These diseases
are characterized by inflammation and immune deregulation. In the case of MG, antibodies
are formed against proteins at the postsynaptic neuromuscular junctions (NMJ), which
leads to a unique set of clinical symptoms such as variable muscle fatigue and respiratory
complications [2]. In MS, the dysfunction of regulatory T cells (Tregs) ultimately leads
to an unregulated T cell response against the myelin structures of the central nervous
system (CNS) [3]. MG and MS have been found to affect women more than men in terms
of prevalence and incidence. The female to male ratio in patients with MG and MS has
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been described as approximately 2:1 and 3:1, respectively, but varies depending on age
and/or type of disease [4,5]. Although the mechanisms underlying impaired self-tolerance
in these and other autoimmune diseases have not been fully elucidated, one possibility is
numerical, functional, and/or migratory deficits in T regulatory (Treg) cells. Dysregulation
of suppressive and migratory markers on Tregs has been linked to the pathogenesis of
both MS and MG. It seems that the discovery of a common pathway in the pathogenesis of
related autoimmune diseases may guide future methods of their diagnosis and therapy [6].

The application of metabolomics towards understanding the manifestation and pro-
gression of complex neurological diseases represents a powerful means to identify the
earliest markers associated with disease progression and treatment response [7]. Results
of the previous studies focusing on non-targeted and targeted metabolic analysis in MG
and MS patients have allowed us to confirm the differences in metabolic profiles between
the study and control group. The results obtained by Lu et al. using untargeted serum
metabolic analysis allowed for the separation of healthy people from MG patients based
on their metabolic profiles [8]. The use of a double control group (a group of healthy
people and patients with rheumatoid arthritis) made it possible to distinguish seropositive
patients with MG from the reference autoimmune disease, i.e., rheumatoid arthritis, based
on metabolic profiles [9]. Rispoli et al., in their review, offered evidence in support of the
potential of metabolomics as a biomarker and drug discovery tool in MS [10].

The interest in amino acids (AA) in MS and MG has resulted from their role in the
autoimmune process. AAs are important in the functioning of T lymphocytes, and their
disturbed metabolism may be associated with the process of autoimmunity [11-13]. AA
metabolic profiling has many applications including screening, diagnosis, and treatment
monitoring. Scientific research is still being developed to assess the possible use of AAs in
the diagnosis and monitoring of therapy in neurodegenerative diseases [14], Alzheimer’s
disease [15], Parkinson’s disease [16], autoimmune diseases [17], and cancer [18]. The
available literature data indicate that the observed abnormalities in AA metabolic pathways
may be related to various clinical aspects (i.e., etiology, pathogenesis, diagnosis, prognosis
and treatment) of both multiple sclerosis [19-21] and myasthenia gravis [9,22].

Our previous research analyzed the profile of AAs in the serum of MS patients and
of MG patients, as well as compared them with the control group, taking into account the
differences depending on the disease outcomes. The study revealed different patterns of
serum AA profiles between the patients and control group, as well as between the patient
groups with various disease types [20,22,23].

It is believed that it is very important to include, in the metabolomic analysis, both
a comparative analysis of a group of patients with a control group of healthy people, as
well as a comparison of the metabolic profiles of patients from the same group of diseases,
e.g., autoimmune diseases. This allows for the detection of more specific changes that may
accompany specific diseases such as MG or MS. According to the available knowledge,
there are no studies allowing for a direct comparison of the AA profile in patients with MG
and MS. Therefore, the aim of the presented work is to use HPLC with mass spectrometry
detection, combined with multivariate statistical analyses, to compare AA metabolic profiles
in patients with MS and MG in order to identify specific changes.

2. Materials and Methods
2.1. Subjects and Serum Samples

Patients were recruited from the Neurology Outpatient Clinic at Sanitas (Bydgoszcz,
Poland) and the MS Rehabilitation Centre (Borne Sulinowo, Poland). The study population
was divided into three groups as follows: 28 patients with generalized or ocular subtype
of MG, 121 patients with MS, and 53 healthy volunteers with no history of autoimmune
diseases (mean age & SD: 58.38 & 12.78; 30 men, 23 women). The concentration data of
29 AAs were centered and standardized prior to analysis. The clinical and demographic
characteristics of the patients are presented in Table 1.
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Table 1. Demographic and clinical data of patients.

MS MG
Number of subjects (n) 121 28
Sex (male/female) (34%/322%) (10.7‘30//2859.3"/0)
Age, years M§2.5 + 1.1.61 48.92 + '12.61
in-Max: 23-77 Min-Max: 29-75
Disease duration (years) 16 4+ 8.4 785 4 6.53
[range]
Median EDSS score (IQR) 6 (4.0-6.5) n.a.
RRMS: 41 (34%)
MS type n (%) SPMS: 55 (45%) n.a.
PPMS: 25 (21%)
MG type n (%) GMG: 25 (89.3%)
OMG: 3 (10.7%)
AChRAD Yes: 21 (75%)

No: 7 (25%)

MS—multiple sclerosis; MG-—myasthenia gravis, RRMS—relapsing-remitting multiple sclerosis;
SPMS—secondary progressive multiple sclerosis; PPMS—primary progressive multiple sclerosis;
EDSS—Expanded Disability Status Scale; IQR—interquartile range; GMG—generalized myasthenia gravis;
OMG—ocular myasthenia gravis, AChRAb—acetylcholine receptor antibody, n.a.—not applicable.

Blood samples were collected from patients in the morning, following an overnight
fast. The collected samples were centrifuged, and the serum was frozen at —80 °C until
analysis. AA profiling of the collected samples was performed using the EZ:faast kit.
The EZ:faast AA analysis procedure consisted of three sequential steps, i.e., solid-phase
extraction, derivatization, and liquid-liquid extraction. The prepared samples were then
analyzed using liquid chromatography-mass spectrometry.

2.2. Chemicals and Reagents

In the present study, the following reagents were used: HPLC-grade methanol (Merck
Darmstadt, Germany), ammonium acetate and formic acid (Sigma-Aldrich Co., St. Louis,
MO, USA), and the EZ:faast™ amino acid kit (Phenomenex, Inc., Torrance, CA, USA).
Water was prepared using the Milli-Q system (Millipore, Bedford, MA, USA).

Quantitative analysis was performed using the internal standard method. A mixture of
three standards was used as internal standards, namely homoarginine (HARG), methionine-
D3 (Met-D3), and homophenylalanine (HPHE).

2.3. Instrumentation and Conditions

The quantitative and qualitative analyses of samples were performed using the High-
Performance Liquid Chromatograph Nexera XR LC-20 AD pump (Shimadzu, Kyoto, Japan)
and a Nexera XR SIL-20AC autosampler (Shimadzu, Kyoto, Japan), coupled with a mass
spectrometer equipped with an electrospray ion source (ESI), the LCMS-8045 Mass Spec-
trometer (Shimadzu, Kyoto, Japan). The instrument was controlled, and the recorded data
were processed using LabSolutions LCMS Ver.5.6 software.

Chromatographic separation was carried on the EZ:faast AA analysis—mass spectrom-
etry column (250 x 3.0 mm, 4 um) at a column temperature of 35 °C with the corresponding
binary mobile phase. Solvent A was 10 mM ammonium formate in water and solvent B
was 10 mM ammonium formate in methanol. The mobile phase flow was 0.25 mL/min and
took place in a gradient system of 68% B-83% B in 13 min. The injection volume was 1 pL.
The mass spectrometry (MS) data were acquired in positive ion mode. Multiple reacting
monitoring was used for quantification by monitoring the ion transition of the AAs.
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2.4. Statistical Analysis

The Kruskal-Wallis test was used to assess differences between the continuous variables’
distribution (age, AA concentration). Post hoc analysis was further used to explore differences
between means while controlling the family error rate. Considering non-normally distributed
data, differences between the two groups were evaluated using Mann-Whitney U test statistics.
Bonferroni correction was used to adjust for multiple testing. Pearson’s correlation was used to study
the linear correlation between AAs. All analyses and figures were formulated with Python [24].

3. Results
3.1. Comparison of AA Concentration between a Group of Patients (MS + MG Patients) and a
Control Group of Healthy People

The concentration data of 29 AA were centered and standardized prior to analysis. In a
combined analysis of patients with MS and MG, at a significance level of « = 0.05, we found
significant differences in AA concentrations between the study group and the healthy control
group for the following amino acids: Glutamine (GLN) (p = 0.015), Arginine (ARG) (p = 0.0001),
Citrulline (CIT) (p = 0.0008), 1-Methyl-L-histidine (IMHIS) (p = 0.00002), 4-Hydroxyproline (HYP)
(p = 0.02), Sarcosine (SAR) (p = 0.041), c-Aminobutyric acid (ABA) (p = 0.0008), Proline (PRO)
(p =0.0001), Valine (VAL) (p = 0.001), Tryptophan (TRP) (p = 0.0006), and Cystine (CC) (p = 0.005)
(Figure 1). After applying the Bonferroni correction (corrected p-value = 0.0017), the concentrations
of ARG, CIT, IMHIS, ABA, PRO, and TRP remained significantly different.
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Figure 1. Centered and standardized AA concentrations between two groups—study group (MS and
MG (blue) and controls (grey) represented as boxplots. The dots denote outlying observations. Serine
(SER), Glutamine (GLN), Arginine (ARG), Citrulline (CIT), Asparagine (ASN), 1-Methyl-L-histidine
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Concentration [nmol/ml]

MS

T

p = 0.0007

(IMHIS), 3-Methyl-L-histidine (3MHIS), 4-Hydroxyproline (HYP), Glycine (GLY), Threonine (THR),
Alanine (ALA), Gamma-aminobutyric acid (GABA), Sarcosine (SAR), Beta-aminoisobutyric Acid (BAIB),
a-Aminobutyric acid (ABA), Ornithine (ORN), Methionine (MET), Proline (PRO), Lysine (LYS), Aspartic
acid (ASP), Histidine (HIS), Valine (VAL), Glutamic acid (GLU), Tryptophan (TRP), x-Aminoadipic acid
(AAA), Leucine (LEU), Phenylalanine (PHE), Isoleucine (ILE), Cystine (C-C), Tyrsine (TYR).

The next step in the analysis involved evaluating AA concentrations as a function of age
between the case and control groups. The goal was to determine if there was a trend in AA
concentrations related to the age of the study population. Among the patients, no linear trend
(positive or negative) was observed with increasing age. However, in the control group, there
was a slight negative trend (decrease) in the concentrations of SER, ASN, GLY, GABA, ORN,
and ASP, and a slight positive trend (increase) in the concentrations of ARG and CC.

3.2. Comparison of AA Concentration between MS and MG Patients

In the next stage of the work, the focus was on comparing the median distribution of
AA concentration between the patients with MS and MG. At « = 0.05, we observed a group
of AA concentrations, GLN (p = 0.015), CIT (p = 0.0007), GABA (p = 0.00009), SAR (p = 0.01),
His (p = 0.048), and AAA (p = 0.0008), to be significantly different between the MS and MG patients.

After Bonferroni correction (corrected p-value = 0.0017) concentration of CIT, GABA,
and AAA remained significant. The comparison between MS and MG patients in terms of
those three AA concentrations is presented as a boxplot (Figure 2).

GABA AAA

(e}

p = 0.0001 p = 0.0008

=

:
i
4L N

MG MS MG MS MG

Figure 2. Centered and standardized concentration of Citrulline (CIT)), Gamma-aminobutyric acid (GABA)
and «-Aminoadipic acid (AAA) between MS and MG patients. Black dots represent outlying observations.

To further explore those differences in the concentrations of CIT, GABA, and AAA
between the MS and MG patients, we visualized these concentrations according to sexes
(Figure 3). Due to the small number of men in the MG group, only women were included
in the comparison.

As can be seen in Figure 3, as well as in the case of unification of the study groups in
terms of gender, we observe statistically significantly higher concentrations of CIT, GABA,
and AAA in the group of patients with MG.

To further explore the nature of the AA correlations, we examined their relationships
with each other. Given that each AA’s distribution approximates a normal distribution, and
that the AAs follow similar pathways, a linear relationship between them is anticipated.
Therefore, we utilized Pearson’s correlation analysis to assess the degree of linear correlation
between the variables.

Figure 4 presents a correlation matrix showing the degree of linear relationship be-
tween the AAs in MS and MG patients, and Figure 5 shows that of the control group. As
can be seen from this figure, the vast majority of correlations are weakly positive (a positive
trend is expected given that the origin of AA may be driven by a similar mechanism).
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Several AAs are highly positively correlated with other AAs (R2 > 0.8, dark blue), meaning

that they essentially carry the same information.
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Figure 3. Centered and standardized concentration of Citrulline (CIT), Gamma-aminobutyric acid
(GABA) and a-Aminoadipic acid (AAA) between MS and MG patients according to sex. The dots

represent outlying observations.
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Gl

Figure 5. Correlation matrix demonstrating the degree of correlation between AAs in the control group.

3.3. Evaluation of Differences between Overall AA Concentrations according to the Type of Disease

In the next stage, it was assessed whether there were differences between the gen-
eral concentrations of AA depending on the type of disease. Patients with MS were
divided into three main types of MS, each defined by how far the disease has progressed
(RRMS—relapsing-remitting multiple sclerosis; SPMS—secondary progressive multiple scle-
rosis; PPMS—primary progressive multiple sclerosis). The study included patients with
generalized myasthenia gravis (GMG). The Kruskal-Wallis test showed the existence of differ-
ences between the disease types in terms of AA concentrations (p = 1.04 x 107'2). The post
hoc analysis revealed the significant differences of AA concentrations between the following:
(i) PPMS (n =26) and RRMS (n = 41) (p = 0.008)

(ii) PPMS (n =26) and GMG (n = 25) (p = 0.03)
(iii) RRMS (n = 41) and GMG (n = 25) (p = 0.00001)
(iv) SPMS (n = 55) and GMG (n = 25) (p = 0.0008)

However, at this point, it should be highlighted that the differences mentioned may

be a consequence of the existence of outlying points (Figure 6).
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Figure 6. Centered and standardized AA concentrations for each disease type, MS and MG
(PPMS—primary progressive multiple sclerosis, SPMS—secondary progressive multiple sclerosis,
RRMS—relapsing-remitting multiple sclerosis; GMG—generalized myasthenia gravis).

The trend of AA concentrations was then checked with the duration of MS/MG
(patients only) (Figure 7). From visual inspection, there is no trend of AA concentrations
with the course of disease duration.

SER GLN ARG cT ASN 1MHIS 3MHIS HYP GLY THR

ALA GABA SAR BAIB ABA ORN MET PRO s ASP

Concentration [nmol/ml]

0 2
HIS VAL TRP AAA LEU PHE ILE c-C TYR

e PPMS
= SPMS
+ RRMS
v GMG
s+ OMG

B B e e

0 3 0 PER 3 0 35 0 PER 35 0 3 0 35 0 25

Duration [years]
Figure 7. Centered and standardized AA concentration in a function of duration stratified by MS/MG
subtypes. (PPMS—primary progressive multiple sclerosis, SPMS—secondary progressive multiple

sclerosis, RRMS—relapsing—remitting multiple sclerosis; GMG—generalized myasthenia gravis,
OMG—ocular myasthenia gravis).
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3.4. Comparison of AA Concentration between Two Groups of Patients: RRMS (n = 41) and
MG (n=28)

Typically, multiple sclerosis (MS) begins with an initial relapsing—remitting course
(RRMS). RRMS and myasthenia gravis (MG) share many similarities, including a relapsing
course with a wide range of clinical signs, genetic predisposition, and a favorable response
to anti-CD20 monoclonal antibodies or other forms of immunosuppressive therapies [25].
Notably, the potential clinical course, characterized by spontaneous or steroid-induced
regression of neurological deficits, can complicate the initial differential diagnosis of both
diseases. Thus, identifying a serum biomarker that can differentiate between these con-
ditions would be highly beneficial. Consequently, in this study, a group of patients with
RRMS was isolated for a comparative analysis with patients with MG. When comparing
AA concentrations between the two groups—RRMS (n = 41) and MG (n = 28)—statistically
significant differences in total AA concentration were observed (Figure 8).

12.5 p-value: 2.3 x 10712
(0]
10.0
75
(o]
o
E
©
(o]
E 50
= 5 )
ey
i) g
S
© o 8
c
g 25 8
& 8
(@]
)
0.0
- e
-2.5 g
é
-5.0
RRMS MG

Figure 8. Centered and standardized AA concentrations for two groups: relapsing-remitting multiple
sclerosis (RRMS) and myasthenia gravis (MG) patients. The dots represent outlying observations.

At « = 0.05, we observed a group of AA concentrations to be significantly different
between RRMS and MG patients (Figure 9), i.e., IMHIS (p = 0.0003), 3MHIS (p = 0.00015),
HYP (p =0.027), AAA (p =0.006), and PHE (p = 0.034). After Bonferroni correction (corrected
p-value = 0.0017), 3BMHIS remained significant. Median concentration of 3MHIS is higher
in MG compared to that of RRMS patients (p = 0.00015).
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Figure 9. Centered and standardized AA concentrations between two groups, relapsing—remitting
multiple sclerosis (RRMS—gray) and myasthenia gravis (MG—blue, represented as boxplots. The
dots denote outlying observations.
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1MHIS
3MHIS
HYP
GLY
THR

To further investigate the nature of the amino acids (AAs), we examined the corre-
lations between them. Given that the distribution of each AA approximates a normal
distribution and that they originate from similar pathways, a linear relationship between
them is expected. Therefore, we used Pearson’s correlation to measure the linear depen-
dence between variables. Below, we present a correlation matrix showing the degree of
linear relationship between AAs in patients with MG and RRMS (Figure 10). Generally, the
correlations are positive, with several AAs showing strong positive correlations with others
(R? > 0.8, dark blue), indicating that they essentially carry the same information. A visual
inspection reveals that the correlation plots differ significantly between the two groups,
with weaker linear correlations observed in the RRMS patient group.

MG MS-RRMS

ASN
1IMHIS
3MHIS

HYP
GLY
THR

—0.0 HIS
—0.2

- -0.2 PHE

- 0.0

« 9 =z
s % 2

3MHIS
GLY
ALA
SAR
ABA
MET
s
HIS
TRP
LEU
ILE
TYR

Figure 10. Correlation matrix demonstrating the degree of linearity in AA between the RRMS and
MG patient groups. The number on the heatmaps denote R2.The lighter the color, the lower the
correlation coefficient value between two AAs.

4. Discussion

Although MS and MG are separate autoimmune diseases, some studies suggest that
they coexist. The co-occurrence of MG and MS occurs more frequently than expected based
on a chance association, and this association may be underdiagnosed due to the possible
overlap of symptoms, especially bulbar and ocular manifestations, in which MG or MS may
mimic each other, leading to an underestimation of the incidence combined occurrence of
MG and MS [26]. In particular, two early symptoms of the disease—fatigue and diplopia—
require caution in the proper diagnosis of the underlying disease. This aspect is important
in the case of early MS symptoms in the complete absence or presence of only a single
demyelinating lesion in the brain and/or spinal cord and existing contraindications to
lumbar puncture. Moreover, with the increasing incidence of late-onset MG, patients may
have foci of vascular damage in the central nervous system, some of which may be difficult
to distinguish from demyelinating changes [6]. In such cases, patients are particularly
vulnerable to misdiagnosis and having a peripheral marker that can distinguish MG from
MS may be of significant support to clinicians.

Despite the differences in the pathologies of MS and MG, there are immunological
similarities. Both MS and MG are considered largely T cell mediated [6]. Although
the primary cause of MG development is autoantibodies against Ach receptors at the
neuromuscular junction, the mechanism underlying the autoimmune response appears
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to be initiated by T cell activation. Alternatively, although multiple sclerosis is primarily
mediated by T cells, there is some evidence that B cells and self-reactive antibodies also
play a role in the pathogenesis of multiple sclerosis [26].

In T cells, AA are involved in many functions that include, but are not limited to,
providing the building blocks of proteins, nucleotides, and lipids, regulating the epigenome,
and maintaining redox balance, which are crucial for maintaining T cell function and
differentiation capacity [27].

Comparing the patients (patients with MS and MG, n = 149) with the control group
(n = 53), we found statistically significant differences in the concentrations of AAs, such
as: ARG, CIT, M1HIS, ABA, PRO, TRP. Four of them, ARG, PRO, TRP, CIT, remained
significant after taking multiple testing into account. Previous studies have indicated a
differentiation between the control group of healthy people and patients with MG and MS
due to the concentration of ARG [20-22].

AAs such as arginine and tryptophan seem particularly interesting due to their in-
volvement in the regulation of the immune response [28]. Arginine, by participating in the
synthesis of non-protein compounds such as nitric oxide or polyamines, plays an impor-
tant role in vasodilation, calcium release, neurotransmission, and immune response. The
research results indicate an important role of NO-dependent processes in both autoimmune
diseases and chronic inflammation. Increasing the amount of NO in the body is associated
with exacerbation of inflammation [29]. ARG catabolism occurs through multiple pathways,
including degradation by iNOS to nitric oxide (NO) and CIT, as well as arginase-mediated
degradation to produce PROs, urea, ornithine, and polyamines. Therefore, the higher
serum ARG and PRO concentrations with lower CIT concentration found in our study may
indicate a shift in ARG metabolism towards reduced degradation by iNOS [30].

When considering the comparison between AA concentrations in MS and MG patients
we found three AAs that were significantly different in the MS and MG groups after
correcting for multiple testing (CIT, GABA, and AAA). Higher concentrations of AAs that
showed significant differences were observed in patients with myasthenia gravis. Based
on the comparative analysis by gender, no significant differences were observed between
women and men in the MS group. Previous studies did not show any differences in
concentration between MG and MS patients and a control group of healthy people [20,22].

Knowledge about AAA function or the potential mechanisms linking AAA to the
disease processes is limited. AAA is produced by the breakdown of the essential AA lysine
and is metabolized mainly in the mitochondria. AAA is structurally similar to glutamate.
In studies conducted on animal models, it was observed that AAA significantly reduces
glutamate uptake. Furthermore, AAA induced the production of reactive oxygen and nitro-
gen species, lipid peroxidation, and protein oxidation, in addition to reducing antioxidant
defense. It has been indicated that the disruption of glutamatergic neurotransmission and
redox homeostasis by AAA may play a role in the neurological symptoms, among others,
accompanying «-ketoadipic acidosis [31,32].

The obtained research results indicate reduced CIT concentration in MS patients
compared to MG. The study by Rzepliniski et al. indicated a reduced level of CIT in
patients with MS compared to the control group, which was probably related to the
disorder of Arg metabolism [20]. Reduced Arg levels in MS patients compared to MG may
confirm this hypothesis. However, it is worth noting that another study hypothesized that
demyelination in multiple sclerosis leads to increased release of citrulline from the brain
into the circulation [33].

Most circulating citrulline is produced by the transformation of dietary glutamine
and arginine by enterocytes of the intestinal epithelium. The released CIT is largely taken
up by the kidneys, where almost 100% of it is metabolized by arginosuccinate synthetase
and lyase to produce arginine [34]. In addition to the gut-renal axis and post-translational
deamination, citrulline can be produced by the action of two other substances. First,
citrulline acts as an intermediate in the urea cycle, where it is synthesized from ornithine
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and carbamoyl phosphate by ornithine carbamoyl transferase. Second, citrulline is a
byproduct of NO production by nitric oxide synthase (NOS) from arginine [35].

Another AA that allowed for the statistically significant differentiation of the MS
patient group from the MG patient group was gamma-aminobutyric acid (GABA). GABA
is the main inhibitory neurotransmitter in the mammalian central nervous system and is
directly responsible for the regulation of muscle tone in humans. GABA is also a modulator
of the immune system [36]. The results obtained in our study indicate higher GABA
concentrations in patients with MG compared to MS. Reduced GABA concentration in the
CSF compared to the control group of healthy people has also been confirmed in other
studies [21,37,38].

The model course of MS is an initial relapsing-remitting phase (RRMS), which, after a
certain period, progresses to disability and transitions to a secondary progressive phase
(SPMS). Due to diagnostic difficulties in differentiating myasthenia gravis and multiple
sclerosis in their initial phase, we decided to isolate a group of patients with RRMS and
myasthenia gravis to assess possible differences in the AA profiles of these groups. Both
groups are similar in terms of age and sex distribution.

We reported that there were differences in the overall AA concentrations between the
two disease subtypes (MG vs. RRMS); however, a lot of outlying observations were present
in the patients’ data and the results should be treated with caution.

When considering the comparison between RRMS and myasthenia patients, we found
differences in several AA concentrations (IMHIS, HYP, AAA, PHE), with 3MHIS being
significantly higher in MG patients when correcting for multiple testing.

The increased 3MHIS concentration in MG patients compared to the healthy controls
has been confirmed in previous studies [22]. It has been found that 3-methylhistidine
(BMH) is formed as a result of the post-translational modification of histidine residues,
which is an essential AA with a wide range of functions in the body. It is believed that the
presence of free 3MH in the body is the result of the breakdown of myofibrillar proteins,
therefore its possible use as a marker of myofibrillar protein catabolism is indicated [39,40].
An increase in the loss of muscle proteins is observed, among others, in neuromuscular
diseases such as MG or Duchenne syndrome [41].

The visual inspection of AA concentration in a function of age between RRMS and
MG patients showed a positive linear trend with age. No clear direction of linear trend was
observed for AA concentrations in a function of duration (the same reported when duration
was divided into two categories). A correlation plot visualizing the linear relationship
between the AAs showed a vast majority of positive correlations in both groups of patients.
Visually, both correlation plots are quite different, with RRMS patients characterized by
weaker linear relationships between AA.

5. Conclusions

Multiple sclerosis and myasthenia gravis are autoimmune neurological diseases. Re-
search indicates the possible involvement of AA in the modification of the immune response,
which is a key mechanism in the initiation of autoimmune diseases.

In the presented work, the metabolic profiles of 29 AAs were determined using LC—
MS/MS in order to capture specific changes in AA profiles between a group of patients
with MG and MS.

Comparison of the AA concentrations between the groups showed statistically signifi-
cant differences (o = 0.05) between GLN, CIT, GABA, SAR, His, AAA. After Bonferroni
correction (corrected p-value = 0.0017), the concentrations of CIT, GABA, and AAA re-
mained significant.

Statistical tests showed the existence of differences between disease types (RRMS,
PPMS, SPMS, GMG) in terms of AA concentrations. RRMS and MG share many similarities,
therefore a comparative analysis of AA profiles between these groups of patients was also
performed. Bonferroni correction confirmed a significantly higher concentration of 3SMHIS
in MG compared to RRMS patients.
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This study showed that AAs may be involved in the mechanisms underlying the
pathogenesis of MG and MS diseases. The demonstrated differences may result from the
participation of AA in immune responses, neurodegeneration processes, and construction
of muscle proteins. The common pathogenesis of both diseases associated with an au-
toimmune background, involvement of T and B lymphocytes, and overlapping selected
clinical symptoms may cause difficulties in the differential diagnosis of both diseases. At
the same time, the identification of changes in AA metabolism in MS and MG can more
precisely determine which of them are more likely to be attributed to autoimmune diseases
of the neuromuscular junction and to the central nervous system. The obtained results may
indicate AAs as potential biomarkers of autoimmune neurological diseases. The presented
study has some limitations, including balancing the size of the study groups and the gender
distribution in the group of patients with MG.

Further work is necessary, including a larger study group, limiting possible confound-
ing factors, e.g., medications and diet, in order to correlate the results of previous studies
with other possible autoimmune neurological diseases.
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