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Abstract
Background. Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder with largely 
unknown pathogenesis and no effective cure. It is believed that several, not mutually exclusive mechanisms 
contribute to the pathogenesis and progression of this disease, including, among others, elevated oxidative 
stress, excitotoxicity, increased neuroinflammation, and protein aggregation. Receptor for advanced glycation 
end products (RAGE) is a part of immunoglobulin superfamily; it is believed to participate in ALS pathogenesis.

Objectives. Our previous studies on ALS demonstrated that RAGE is likely one of the key players in ALS, 
acting on its own and in tandem with its oxidative stress and pro-inflammatory ligands, such as advanced 
glycation end products (AGEs) or advanced oxidation protein products (AOPPs). In this study, based on our 
previous results, we aimed to establish blood levels of soluble RAGE, AGE and AOPP in ALS patients.

Materials and methods. Forty-six coded and anonymized surplus plasma samples from ALS patients and 
non-neurological control were used in the study. The plasma levels of RAGE, AGE and AOPP were measured us-
ing enzyme-linked immunosorbent assay (ELISA) commercially available kits. Statistical evaluation of data was 
performed using one-way non-parametric analysis of variance (ANOVA) with Kruskal–Wallis post hoc test.

Results. Our results revealed a decline in soluble RAGE level, concurrent with an increase in the levels 
of AGEs and AOPPs in blood samples from ALS patients, signifying a loss of neuroprotective form of RAGE 
and a simultaneous increase in AGE and AOPP production and uptake at the early stage of the disease.

Conclusions. The results obtained from our study indicate that further longitudinal study of RAGE, AGE and 
AOPP levels would be beneficial, outlining the dynamics between RAGE and its ligand levels as the disease 
progresses, and making them valuable diagnostic tools and potential therapeutic targets.
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Background

Amyotrophic lateral sclerosis (ALS), also known as Lou 
Gehrig’s disease, is a fatal motor neuron disease first de-
scribed in 1869. Since its discovery, it has been associated 
with progressive motor neuron death, muscle weakness, 
loss of motor functions, disability, and death within few 
years after the initial diagnosis.1 It is an adult-onset dis-
ease with an incidence of 1–5/100,000 in most population, 
with a predicted 69% increase in its cases over the next 
25 years. Clinically, depending on the onset of first clini-
cally observed symptoms, ALS is divided into 2 forms: 
spinal (affecting limb muscles) and bulbar (impacting head 
and neck muscles). Of those, spinal form is far more preva-
lent, diagnosed in about 70% of ALS cases.2

It  is  believed that several, not mutually exclusive, 
mechanisms contribute to pathogenesis and progression 
of this disease. These include elevated oxidative stress, 
excitotoxicity, increased neuroinflammation, mitochon-
drial dysfunction, disruption of the neurofilament net-
work, protein aggregation, cytoskeletal dysfunction, and 
involvement of non-neuronal cells within motor neuron 
surroundings.3–7

The  receptor for advanced glycation end products 
(RAGE) is  a  part of  immunoglobulin superfamily and 
belongs to the group of pattern recognition receptors in-
volved in pathogen- or damage-associate molecular path-
ways (PAMP and DAMP, respectively).

Physiologically, RAGE is largely present on the surface 
of endotheliocytes, neural and immunocompetent cells, e.g., 
neurons, glia, lymphocytes, and macrophages, respectively.8 
Receptor for advanced glycation end products, aside from 
binding to advanced glycation end products (AGEs), interacts 
with over 25 different molecules, including advanced oxida-
tion protein products (AOPPs), S100/calgranulin, HMGB1/
amphoterin, amyloid-beta peptide (Aβ), transforming pro-
tein RhoA, protein diaphanous homolog 1 (Diaph1), and 
many others.8 The engagement of RAGE by AGEs or its other 
ligands in a variety of settings initiates prompt generation 
of reactive oxygen species (ROS), upregulation of inflamma-
tory pathways, and other RAGE signaling-dependent mecha-
nisms. Receptor for advanced glycation end products is well 
known to be involved in the progression and pathogenesis 
of several neurodegenerative diseases and conditions.9,10 
Although the detailed mechanisms of RAGE involvement 
to the neurodegeneration remains unclear, studies indicate 
that it exerts its detrimental actions via its binding to the pro-
inflammatory ligands such as AGEs, S100/calgranulin and 
amphoterin, and subsequent activation of downstream regu-
latory pathways such as NF-κB, STAT and JNK signaling. 
Soluble RAGE is a truncated form of RAGE, acting as a decoy 
for a full-length RAGE. Studies have implicated that solu-
ble RAGE counters the detrimental action of a full-length 
RAGE, making it a promising therapeutic target in ALS 
treatment.11 Our previous studies demonstrated that RAGE 
deficiency improves post injury sciatic nerve regeneration 

Streszczenie
Wprowadzenie. Stwardnienie zanikowe boczne (amyotrophic lateral sclerosis (ALS)) jest wyniszczającą chorobą neurodegeneracyjną o nieznanej patogenezie 
i bez skutecznego leczenia. Uważa się, że w patogenezie i postępie tej choroby bierze udział kilka niewykluczających się wzajemnie mechanizmów. Należą do nich 
m.in. podwyższony stres oksydacyjny, ekscytotoksyczność, okołonerwowe odczyny zapalne i agregacja białek. Receptor końcowych produktów zaawansowanej 
glikacji (RAGE) należy do nadrodziny immunoglobulin i uważa się, że bierze on udział w patogenezie ALS.

Cel pracy. Nasze wcześniejsze badania ALS wykazały, że RAGE jest prawdopodobnie jednym z kluczowych graczy w tej chorobie, działając samodzielnie bądź 
w połączeniu z ligandami stresu oksydacyjnego i zapalenia, takimi jak zaawansowane produkty końcowe glikacji (AGE) lub zaawansowane produkty utleniania 
białek (AOPP). W niniejszej pracy, w oparciu o nasze poprzednie wyniki, mieliśmy na celu ustalenie stężenia rozpuszczalnego RAGE, AGE i AOPP w próbkach krwi 
pochodzących od pacjentów z ALS.

Materiał i metody. W badaniu wykorzystano 46 zakodowanych i anonimowych próbek krwi pochodzących od pacjentów z ALS i grupy kontrolnej. Badanie zostało 
zaprojektowane zgodnie z założeniami Deklaracji Helsińskiej i zatwierdzone przez Instytucjonalną Komisję Etyki. Poziomy RAGE, AGE i AOPP w osoczu mierzono za 
pomocą dostępnych komercyjnie zestawów ELISA. Statystyczną ocenę danych przeprowadzono za pomocą jednokierunkowej nieparametrycznej ANOVA z post-
-testem Kruskala–Wallisa.

Wyniki. Uzyskane wyniki wykazały spadek stężenia rozpuszczalnego RAGE przy jednoczesnym wzroście stężenie AGE i AOPP w próbkach krwi od pacjentów z ALS, 
wskazując na utratę neuroprotekcyjnej formy RAGE i jednoczesne nasilenie produkcji oraz wychwytu AGE i AOPP we wczesnym stadium choroby.

Wnioski. Wyniki uzyskane w naszym doświadczeniu wskazują, że dalsze długotrwałe badania stężenia RAGE, AGE i AOPP byłyby korzystne, umożliwiając określenie 
dynamiki zmian między stężeniem RAGE i jego ligandów w miarę postępu choroby, i tym samym dostarczając cennych narzędzi diagnostycznych i potencjalnych 
celów terapeutycznych.

Słowa kluczowe: receptor końcowych produktów zaawansowanej glikacji, końcowe produkty zaawansowanej glikacji, zaawansowane produkty utleniania białek, 
stwardnienie zanikowe boczne, osocze
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in type 1 diabetic mice, at least in part by reducing tissue-
damaging inflammation at the injury site.12 We also showed 
that in SOD1 93A mice, a common animal model of ALS, 
daily administration of soluble RAGE delays the onset and 
prolongs the lifespan of ALS mice, further underscoring its 
potential in ALS therapy. The results of our earlier studies 
with human and murine ALS-affected spinal cords revealed 
an overexpression of RAGE and its ligands in motor neurons, 
microglia and astrocytes.13,14

Our most recent studies further underscored the impor-
tance of RAGE-signaling, uncovering that the conditional 
RAGE knockout in microglia cells in ALS spinal cord ex-
tends the lifespan of SOD1 93A mice.15 We also revealed 
time-depended changes in the expression of RAGE and 
its ligands in ALS mice over the course of the disease.16

Based on our previous results and collective evidence 
on the role of RAGE in ALS mouse models, we aimed to de-
termine the levels of soluble RAGE, AGE and AOPP in do-
nated blood surplus of early-stage ALS patients admitted 
to the Department of Neurology of Jagiellonian University 
Medical College (Cracow, Poland).

Materials and methods

Blood samples

Forty-six donated, coded and anonymized surplus 
plasma samples of ALS patients aged 30–73 (median age 
55): 14 women of average age 55.7 ±6.3 years and 32 men 
of average age 55 ±10 years, and 11 non-neurological con-
trols, aged 31–47 (median age 36) treated at the regional 
hospital were used in the study. All ALS patients were eval-
uated using Amyotrophic Lateral Sclerosis Functional Rat-
ing Scale (ALSFRS), scoring on average 46–48 points, and 
were classified as early-stage ALS. Samples were catego-
rized according to the onset of the disease: spinal or bulbar. 
All patients met clinical and electrophysiological criteria 
of ALS as set in El Escorial criteria (EEC). Amyotrophic 
lateral sclerosis and control blood was donated and coded 
at the time of diagnosis. The study was designed in accor-
dance with the tenets of the Declaration of Helsinki and 
approved by the Institutional Ethics Committee at the Ja-
giellonian University (approval No. 501/NKL/32/L).

RAGE, AGE and AOPP level measurement

The plasma levels of RAGE, AGE and AOPP were mea-
sured using enzyme-linked immunosorbent assay (ELISA) 
commercially available kits, i.e., Human RAGE Quantikine 
ELISA Kit (R&D Systems, Minneapolis, USA), OxiSelect™ 
AGE Competitive ELISA Kit and OxiSelect™ AOPP Assay 
Kit (Cell Biolabs Inc., San Diego, USA). Statistical evaluation 
of data was performed using one-way non-parametric analy-
sis of variance (ANOVA) with Kruskal–Wallis post hoc test 
using GraphPad software (GraphPad Prism, San Diego, USA).

Results

Changes in the levels of various plasma proteins are often 
used as a diagnostic and/or prognostic tool in detecting 
a specific disease and assessing its progression. The clinical 
validity of plasma protein measurement has been estab-
lished in routine testing for bone marrow disorders, liver 
and kidney diseases, leukemia, or cardiovascular disease 
(CVD).17 However, the validity of using plasma markers 
in diagnosis and/or assessment of progression in neuro-
degenerative disease have been scarce and mainly limited 
to testing only for Alzheimer’s disease (AD).18,19 A number 
of studies offering insight into the use of plasma markers 
in ALS have been limited. Therefore, based on our previous 
research and research conducted by others, we attempt to fill 
in the gap by investigating the potential value of RAGE, AGE 
and AOPP plasma levels as prognostic markers of ALS.

RAGE

A significant reduction of soluble RAGE levels was de-
tected in spinal and bulbar plasma samples as compared 
to the control (Fig. 1). This indicates the loss of neuro-
protective, soluble form of  RAGE already at  the  early 
stage of  the  disease. The  mean values plus SEM were 
as  follows: control –  720.5  ±81.66  pg/mL, spinal ALS 
– 365.2 ±43.66 pg/mL and bulbar ALS 257.7 ±96.46 pg/mL.

AGEs

An increasing trend in AGE plasma concentration was 
observed in spinal and bulbar plasma samples as com-
pared to the control group (Fig. 2). This trend may reflect 
an uptake of pro-inflammatory AGE production already 
at the early stage of the disease. The mean values plus 

Fig. 1. Soluble plasma levels of receptor for advanced glycation 
end products (RAGE). The levels of soluble RAGE were significantly 
decreased in both groups of patients with ALS as compared to controls 
and, on average, the observed reduction was more noticeable, but 
not reaching statistical significance, in the bulbar group as compared 
to the spinal group; ** denotes p < 0.01 and *** denotes p < 0.001; bars 
represent standard error of the mean (SEM), mean value for each group 
is given above the corresponding bar
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SEM were as follows: control – 5.64 ±1.68 µg/mL, spinal 
ALS – 7.8 ±1.09 µg/mL and bulbar ALS 9.46 ±2.1 µg/mL.

AOPPs

Plasma analysis revealed high basal concentrations 
of AOPPs in all studied groups, on average 2.5 times higher 
as compared with the corresponding AGE levels. Similarly 
to AGEs, at the early stage of the disease, we observed an in-
creasing trend in AOPP concentration in spinal and bulbar 
ALS as compared to controls (Fig. 3). The mean values plus 
SEM were as follows: control – 19.11 ±7.4 µmol/L, spinal ALS 
– 23.36 ±5.87 µmol/L and bulbar ALS 26.82 ±12.77 µmol/L.

Discussion

Our present study focused on determining the plasma 
levels of soluble RAGE, AGE and AOPP at the early stage 

of ALS. We found that while the levels of soluble RAGE, 
a physiological antagonist of a full-length RAGE, were al-
ready significantly reduced, the levels of AGE and AOPP 
showed increased activity level compared to controls.

The results of our study are consistent with the study 
by Iłżecka,20 who reported significantly reduced expres-
sion of soluble RAGE in ALS patients. Numerous studies 
show the correlation between the level of soluble RAGE 
on the onset and/or during progression of various neu-
rodegenerative or metabolic diseases.20–24 Reports from 
diabetes and atherosclerosis studies have revealed correla-
tions between the levels of soluble RAGE and the severity 
of the pathological processes in a given disease.25–27 Simi-
larly, clinical reports from studies of neuroinflammatory 
disorders such as multiple sclerosis (MS) or Guillain–Barré 
syndrome have reported low levels of circulating soluble 
RAGE in both diseases compared to the controls, which 
correlated with the disease severity.28–30

However, in patients with MS who underwent CinnoVex 
(IFNβ-1a) or fingolimod (sphingosine-1-phosphate recep-
tor modulator) treatments, the levels of soluble RAGE were 
increased, which corresponded to a positive treatment re-
sponse, emphasizing the possible role of soluble RAGE 
in reducing neuroinflammation in affected tissue, thus 
diminishing the signs and symptoms of the disease.31,32

Despite the fact that studies on the use of soluble RAGE 
as a specific marker of ALS progression are still in the early 
stages, based on evidence derived from our and other 
recent translational studies demonstrating the involve-
ment of RAGE in the pathogenesis of ALS, we might as-
sume that measuring RAGE level, especially in conjunc-
tion with AGE and AOPP, could be a prognostic marker 
of ALS progression. Our study demonstrated that blocking 
RAGE signaling with soluble RAGE delays the progression 
of the disease and slows down the motor function decline. 
A recent study by Liu et al. supports our results, revealing 
that RAGE inhibition by soluble RAGE-like inhibitors, 
such as RAGE antagonist peptide (RAP) and FPS-ZM1, 
has a positive effect on motor neuron survival and reduced 
gliosis, effectively improving motor function in ALS mice, 
but not extending lifespan.14,33

Taken together, these results indicate that the  role 
of RAGE in ALS progression might extend beyond sec-
ondary involvement, making it a potential marker and 
therapeutic target.

Opposing the observed reduction in plasma levels of sol-
uble RAGE, we noted that the levels of AGEs and AOPP 
were trending toward higher values in patients with ALS 
as compared to controls. The increasing trend of AGE lev-
els in plasma of ALS-affected patients is consistent with 
our own previous data showing an increase in tissue bound 
full-length RAGE and CML – one of the AGE representa-
tives, in the spinal cord tissue of patients with ALS.13

Advanced glycation end products are naturally occurring 
products of nonenzymatic glycation and oxidation of pro-
teins or lipids, presenting in low levels in plasma of healthy, 

Fig. 2. Plasma levels of advanced glycation end product (AGE). While 
an increasing trend, signifying increased AGE activity, was noticed in both 
amyotrophic lateral sclerosis (ALS) groups, the increase was not yet 
statistically significant. The increasing trend more pronounced in plasma 
of the bulbar group was likely reflecting higher production of AGEs 
as compared to the spinal onset and to the control group; bars represent 
standard error of the mean (SEM), mean value for each group is given 
above the corresponding bar

Fig. 3. Plasma levels of advanced oxidation protein products (AOPPs). 
Similarly to advanced glycation end products (AGEs), the levels of AOPPs 
were also increased in both amyotrophic lateral sclerosis (ALS) groups 
as compared to controls, with highest values observed in the bulbar 
groups. However, the observed increase was not statistically significant 
at this stage of the disease; bars represent standard error of the mean 
(SEM), mean value for each group is given above the corresponding bar
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young and middle-aged individuals, and increasing during 
physiological aging and pathological processes such as ath-
erosclerosis, diabetes, inflammation, and neurodegenera-
tion.34 Some studies showed that the excessive production 
and accumulation of AGEs exacerbates the inflammatory 
response, disturbs cellular metabolism, and increases cel-
lular toxicity, leading to cellular malfunction, increased 
apoptosis and accelerated disease progression.35,36 In neu-
rodegenerative disorders, AGEs accumulation have been 
linked to an AGE-depended direct toxicity excreted on neu-
ronal cells in cortex of patients with AD;37 similarly, in Par-
kinson’s disease, AGE-triggered cytotoxicity has been ob-
served, affecting neuronal cell metabolism and reducing 
neuronal viability.38 In ALS, significantly increased level 
of AGEs have been also observed in cerebrospinal fluid 
of patients with ALS and lower motor neuron disease com-
pared to controls, but also to patients with AD, underscor-
ing its potential as a diagnostic/prognostic tool in ALS.39

As with AGEs, AOPPs are the products of excessive oxi-
dation, yet another of the pathological processes in which 
full-length RAGE plays a prominent role. Advanced oxi-
dation protein products have recently gained attention 
as reliable markers of oxidation-triggered protein damage, 
including ALS.40,41 It has been noted that RAGE, involved 
in the production of reactive oxygen species (ROS), plays 
a significant role in cellular damage and apoptosis driven 
by oxidation.42

Furthermore, the formation of AOPP through ROS trig-
gers RAGE’s detrimental role on cellular metabolism and 
long-term disfunction. Increased levels of AOPPs were 
first shown in the patients with chronic uremia.43 How-
ever, subsequent studies demonstrated that their increase 
was not unique for uremic patients and they are also 
elevated in a wide array of pathological conditions, most 
notably, osteoporosis,44 rosacea – which is a chronic in-
flammatory dermatosis,45 psoriasis – yet another immu-
nological disorder,46 myasthenia gravis,47 breast cancer,48 
and HIV.49 Furthermore, a study by Siciliano et al. on an-
tioxidant capacity and protein oxidation in ALS dem-
onstrated a significantly increased presence of AOPPs 
in both plasma and cerebrospinal fluid of ALS patients, 
underscoring the importance of gaining a better insight 
into the role of oxidative stress in ALS pathogenesis and 
progression.50 Consistent with these results, we also re-
port elevated levels of AOPP in ALS and demonstrate 
that, similarly to AGEs, AOPPs are likely involved in ALS 
pathogenesis, signifying increased oxidative stress and 
oxidation-related cellular damage even in the early stages 
of the disease.

Conclusions

We report a decline of soluble RAGE concurrent with 
a  rise of  AGEs and AOPPs in  plasma of  ALS patients 
at the early stage of the disease. The results presented 

here suggest that a longer, longitudinal study of RAGE, 
AGE and AOPP plasma levels in ALS patients at different 
stage of the disease would be beneficial, outlining the dy-
namics between RAGE and its ligand levels as the disease 
progresses, thus making them likely diagnostic tools and 
potential therapeutic targets.

The results also indicate that further studies evaluating 
not only the plasma, but also cerebrospinal fluid levels 
of these substances would be warranted, providing new in-
sights into their role in ALS pathogenesis and progression.

ORCID iDs
Judyta Juranek  https://orcid.org/0000-0001-8665-6606
Adam Osowski  https://orcid.org/0000-0002-0544-5653
Joanna Wojtkiewicz  https://orcid.org/0000-0003-0856-3644
Marta Banach  https://orcid.org/0000-0002-4656-3656

References
1.	 Chiò A, Logroscino G, Traynor BJ, et al. Global epidemiology of amy-

otrophic lateral sclerosis: A systematic review of the published litera-
ture. Neuroepidemiology. 2013;41(2):118–130. doi:10.1159/000351153

2.	 Wijesekera LC, Nigel Leigh P. Amyotrophic lateral sclerosis. Orphanet 
J Rare Dis. 2009;4(1):3. doi:10.1186/1750-1172-4-3

3.	 Barber SC, Mead RJ, Shaw PJ. Oxidative stress in ALS: A mechanism 
of neurodegeneration and a therapeutic target. Biochim Biophys 
Acta Mol Basis Dis. 2006;1762(11–12):1051–1067. doi:10.1016/j.bbad-
is.2006.03.008

4.	 Barber SC, Shaw PJ. Oxidative stress in ALS: Key role in motor neu-
ron injury and therapeutic target. Free Radic Biol Med. 2010;48(5): 
629–641. doi:10.1016/j.freeradbiomed.2009.11.018

5.	 Blokhuis AM, Groen EJN, Koppers M, Van Den Berg LH, Pasterkamp RJ.  
Protein aggregation in amyotrophic lateral sclerosis. Acta Neuropathol.  
2013;125(6):777–794. doi:10.1007/s00401-013-1125-6

6.	 Van Den Bosch L, Van Damme P, Bogaert E, Robberecht W. The role 
of excitotoxicity in the pathogenesis of amyotrophic lateral sclerosis.  
Biochim Biophys Acta Mol Basis Dis. 2006;1762(11–12):1068–1082. 
doi:10.1016/j.bbadis.2006.05.002

7.	 Nowicka N, Juranek J, Juranek JK, Wojtkiewicz J. Risk factors and 
emerging therapies in amyotrophic lateral sclerosis. Int J Mol Sci. 
2019;20(11):2616. doi:10.3390/ijms20112616

8.	 Juranek J, Mukherjee K, Kordas B, et al. Role of RAGE in the pathogen-
esis of neurological disorders. Neurosci Bull. 2022;38(10):1248–1262.  
doi:10.1007/s12264-022-00878-x

9.	 Ray R, Juranek JK, Rai V. RAGE axis in neuroinflammation, neurode-
generation and its emerging role in the pathogenesis of amyotrophic 
lateral sclerosis. Neurosci Biobehav Rev. 2016;62:48–55. doi:10.1016/j.
neubiorev.2015.12.006

10.	 Nogueira-Machado J, De Oliveira Volpe C. HMGB-1 as a target for 
inflammation controlling. Recent Pat Endocr Metab Immune Drug Discov.  
2012;6(3):201–209. doi:10.2174/187221412802481784

11.	 Yan SF, Ramasamy R, Schmidt AM. Soluble RAGE: Therapy and bio-
marker in unraveling the RAGE axis in chronic disease and aging. 
Biochem Pharmacol. 2010;79(10):1379–1386. doi:10.1016/j.bcp.2010. 
01.013

12.	 Juranek JK, Geddis MS, Song F, et al. RAGE deficiency improves postin-
jury sciatic nerve regeneration in type 1 diabetic mice. Diabetes.  
2013;62(3):931–943. doi:10.2337/db12-0632

13.	 Juranek JK, Daffu GK, Wojtkiewicz J, Lacomis D, Kofler J, Schmidt 
AM. Receptor for advanced glycation end products and its inflam-
matory ligands are upregulated in amyotrophic lateral sclerosis.  
Front Cell Neurosci. 2015;9:485. doi:10.3389/fncel.2015.00485

14.	 Juranek JK, Daffu GK, Geddis MS, et al. Soluble RAGE treatment 
delays progression of amyotrophic lateral sclerosis in SOD1 mice.  
Front Cell Neurosci. 2016;10:117. doi:10.3389/fncel.2016.00117

15.	 MacLean M, Juranek J, Cuddapah S, et al. Microglia RAGE exacerbates 
the progression of neurodegeneration within the SOD1G93A murine 
model of amyotrophic lateral sclerosis in a sex-dependent manner. 
J Neuroinflammation. 2021;18(1):139. doi:10.1186/s12974-021-02191-2

https://www.doi.org/10.1159/000351153
https://www.doi.org/10.1186/1750-1172-4-3
https://www.doi.org/10.1016/j.bbadis.2006.03.008
https://www.doi.org/10.1016/j.bbadis.2006.03.008
https://www.doi.org/10.1016/j.freeradbiomed.2009.11.018
https://www.doi.org/10.1007/s00401-013-1125-6
https://www.doi.org/10.1016/j.bbadis.2006.05.002
https://www.doi.org/10.3390/ijms20112616
https://www.doi.org/10.1007/s12264-022-00878-x
https://www.doi.org/10.1016/j.neubiorev.2015.12.006
https://www.doi.org/10.1016/j.neubiorev.2015.12.006
https://www.doi.org/10.2174/187221412802481784
https://www.doi.org/10.1016/j.bcp.2010.01.013
https://www.doi.org/10.1016/j.bcp.2010.01.013
https://www.doi.org/10.2337/db12-0632
https://www.doi.org/10.3389/fncel.2015.00485
https://www.doi.org/10.3389/fncel.2016.00117
https://www.doi.org/10.1186/s12974-021-02191-2


J. Juranek et al. Plasma RAGE, AGEs and AOPPs in ALS patients110

16.	 Nowicka N, Szymańska K, Juranek J, et al. The involvement of RAGE and 
its ligands during progression of ALS in SOD1 G93A transgenic mice.  
Int J Mol Sci. 2022;23(4):2184. doi:10.3390/ijms23042184

17.	 Hemalatha T, UmaMaheswari T, Krithiga G, Sankaranarayanan P,  
Puvanakrishnan R. Enzymes in clinical medicine: An overview.  
Indian J Exp Biol. 2013;51(10):777–788. PMID:24266101.

18.	 Tucker R, Pedro A. Blood-derived non-extracellular vesicle proteins 
as potential biomarkers for the diagnosis of early ER+ breast cancer 
and detection of lymph node involvement. F1000Res. 2018;7:283. 
doi:10.12688/f1000research.14129.3

19.	 Udeh-Momoh C, Zheng B, Sandebring-Matton A, et al. Blood derived 
amyloid biomarkers for Alzheimer’s disease prevention. J Prev 
Alzheimers Dis. 2021;9(1):12–21. doi:10.14283/jpad.2021.70

20.	 Iłżecka J. Serum-soluble receptor for advanced glycation end product 
levels in patients with amyotrophic lateral sclerosis. Acta Neurol Scand.  
2009;120(2):119–122. doi:10.1111/j.1600-0404.2008.01133.x

21.	 Huang M, Que Y, Shen X. Correlation of the plasma levels of solu-
ble RAGE and endogenous secretory RAGE with oxidative stress in 
pre-diabetic patients. J Diabetes Complications. 2015;29(3):422–426. 
doi:10.1016/j.jdiacomp.2014.12.007

22.	 Wagner NB, Weide B, Reith M, et al. Diminished levels of the soluble 
form of RAGE are related to poor survival in malignant melanoma. 
Int J Cancer. 2015;137(11):2607–2617. doi:10.1002/ijc.29619

23.	 Fuller KNZ, Miranda ER, Thyfault JP, Morris JK, Haus JM. Metabolic 
derangements contribute to reduced sRAGE isoforms in subjects 
with Alzheimer’s disease. Mediators Inflamm. 2018;2018:2061376. 
doi:10.1155/2018/2061376

24.	 Yokota C, Minematsu K, Tomii Y, et al. Low levels of plasma soluble 
receptor for advanced glycation end products are associated with 
severe leukoaraiosis in acute stroke patients. J Neurol Sci. 2009;287(1–2): 
41–44. doi:10.1016/j.jns.2009.09.013

25.	 Di Pino A, Urbano F, Zagami RM, et al. Low endogenous secretory 
receptor for advanced glycation end-products levels are associat-
ed with inflammation and carotid atherosclerosis in prediabetes.  
J Clin Endocrinol Metab. 2016;101(4):1701–1709. doi:10.1210/jc.2015-4069

26.	 Gurecká R, Koborová I, Csongová M, Šebek J, Šebeková K. Correlation 
among soluble receptors for advanced glycation end-products, sol-
uble vascular adhesion protein-1/semicarbazide-sensitive amine oxi-
dase (sVAP-1) and cardiometabolic risk markers in apparently healthy 
adolescents: A cross-sectional study. Glycoconj J. 2016;33(4):599–606. 
doi:10.1007/s10719-016-9696-9

27.	 Grossin N, Wautier MP, Meas T, Guillausseau PJ, Massin P, Wautier JL.  
Severity of diabetic microvascular complications is associated with a low 
soluble RAGE level. Diabetes Metab. 2008;34(4):392–395. doi:10.1016 
/j.diabet.2008.04.003

28.	 Glasnović A, Cvija H, Stojić M, et al. Decreased level of sRAGE in 
the cerebrospinal fluid of multiple sclerosis patients at clinical onset. 
Neuroimmunomodulation. 2014;21(5):226–233. doi:10.1159/000357002

29.	 Sternberg Z, Weinstock-Guttman B, Hojnacki D, et al. Soluble receptor 
for advanced glycation end products in multiple sclerosis: A potential 
marker of disease severity. Mult Scler. 2008;14(6):759–763. doi:10.1177 
/1352458507088105

30.	 Zhang DQ, Wang R, Li T, et al. Reduced soluble RAGE is associated 
with disease severity of axonal Guillain–Barré syndrome. Sci Rep. 
2016;6(1):21890. doi:10.1038/srep21890

31.	 Rahimi M, Aghabozorg Afjeh SS, Omrani MD, et al. Soluble receptor for 
advanced glycation end products (sRAGE) is up-regulated in multiple 
sclerosis patients treated with interferon β-1a. Cell Physiol Biochem.  
2018;46(2):561–567. doi:10.1159/000488622

32.	 Sternberg Z, Kolb C, Chadha K, et al. Fingolimod anti-inflammatory  
and neuroprotective effects modulation of RAGE axis in multiple 
sclerosis patients. Neuropharmacology. 2018;130:71–76. doi:10.1016/j.
neuropharm.2017.11.047

33.	 Liu L, Killoy KM, Vargas MR, Yamamoto Y, Pehar M. Effects of RAGE 
inhibition on the progression of the disease in hSOD1 G93A ALS mice. 
Pharmacology Res Perspect. 2020;8(4):e00636. doi:10.1002/prp2.636

34.	 Juranek J, Ray R, Banach M, Rai V. Receptor for advanced glycation 
end-products in neurodegenerative diseases. Rev Neurosci. 2015; 
26(6):691–698. doi:10.1515/revneuro-2015-0003

35.	 Ramasamy R, Vannucci SJ, Yan SSD, Herold K, Yan SF, Schmidt AM. 
Advanced glycation end products and RAGE: A common thread in aging, 
diabetes, neurodegeneration, and inflammation. Glycobiology.  
2005;15(7):16R–28R. doi:10.1093/glycob/cwi053

36.	 Li J, Liu D, Sun L, Lu Y, Zhang Z. Advanced glycation end products and 
neurodegenerative diseases: Mechanisms and perspective. J Neurol Sci.  
2012;317(1–2):1–5. doi:10.1016/j.jns.2012.02.018

37.	 Takeuchi M, Kikuchi S, Sasaki N, et al. Involvement of advanced glyca-
tion end-products (AGEs) in Alzheimer’s disease. Curr Alzheimer Res.  
2004;1(1):39–46. doi:10.2174/1567205043480582

38.	 Chen L, Wei Y, Wang X, He R. Ribosylation rapidly induces α-synuclein 
to form highly cytotoxic molten globules of advanced glycation 
end products. PLoS One. 2010;5(2):e9052. doi:10.1371/journal.pone. 
0009052

39.	 Kaufmann E, Boehm BO, Süssmuth SD, et al. The advanced glycation 
end-product Nε-(carboxymethyl)lysine level is elevated in cerebro-
spinal fluid of patients with amyotrophic lateral sclerosis. Neurosci Lett.  
2004;371(2–3):226–229. doi:10.1016/j.neulet.2004.08.071

40.	 Wu Q, Zhong Z, Pan Y, et al. Advanced oxidation protein products 
as a novel marker of oxidative stress in postmenopausal osteoporosis.  
Med Sci Monit. 2015;21:2428–2432. doi:10.12659/MSM.894347

41.	 Pasquinelli A, Chico L, Pasquali L, et al. Gly482Ser PGC-1α gene poly-
morphism and exercise-related oxidative stress in amyotrophic lat-
eral sclerosis patients. Front Cell Neurosci. 2016;10:102. doi:10.3389/
fncel.2016.00102

42.	 Lander HM, Tauras JM, Ogiste JS, Hori O, Moss RA, Schmidt AM. Acti-
vation of the receptor for advanced glycation end products trig-
gers a p21-dependent mitogen-activated protein kinase pathway 
regulated by oxidant stress. J Biol Chem. 1997;272(28):17810–17814. 
doi:10.1074/jbc.272.28.17810

43.	 Witko-Sarsat V, Friedlander M, Capeillère-Blandin C, et al. Advanced 
oxidation protein products as a novel marker of oxidative stress 
in uremia. Kidney Int. 1996;49(5):1304–1313. doi:10.1038/ki.1996.186

44.	 Zhou Q, Zhu L, Zhang D, et al. Oxidative stress-related biomarkers 
in postmenopausal osteoporosis: A systematic review and meta-
analyses. Dis Markers. 2016;2016:7067984. doi:10.1155/2016/7067984

45.	 Erdogan HK, Bulur I, Kocaturk E, Saracoglu ZN, Alatas O, Bilgin M. 
Advanced oxidation protein products and serum total oxidant/anti-
oxidant status levels in rosacea. Adv Dermatol Allergol. 2018;35(3): 
304–308. doi:10.5114/ada.2018.76228

46.	 Yazici C, Köse K, Utaş S, Tanrikulu E, Taşlidere N. A novel approach 
in psoriasis: First usage of known protein oxidation markers to prove 
oxidative stress. Arch Dermatol Res. 2016;308(3):207–212. doi:10.1007/
s00403-016-1624-0

47.	 Adamczyk-Sowa M, Bieszczad-Bedrejczuk E, Galiniak S, et al. Oxi-
dative modifications of blood serum proteins in myasthenia gravis. 
J Neuroimmunol. 2017;305:145–153. doi:10.1016/j.jneuroim.2017.01.019

48.	 Tesarová P, Kalousová M, Trnková B, et al. Carbonyl and oxidative 
stress in patients with breast cancer: Is there a relation to the stage 
of the disease? Neoplasma. 2007;54(3):219–224. PMID:17447853.

49.	 Morimoto HK, Simão ANC, Almeida ERDD, et al. Role of metabolic syn-
drome and antiretroviral therapy in adiponectin levels and oxidative 
stress in HIV-1 infected patients. Nutrition. 2014;30(11–12):1324–1330.  
doi:10.1016/j.nut.2014.03.017

50.	 Siciliano G, Piazza S, Carlesi C, et al. Antioxidant capacity and pro-
tein oxidation in cerebrospinal fluid of amyotrophic lateral sclerosis.  
J Neurol. 2007;254(5):575–580. doi:10.1007/s00415-006-0301-1

https://www.doi.org/10.3390/ijms23042184
https://pubmed.ncbi.nlm.nih.gov/24266101
https://www.doi.org/10.12688/f1000research.14129.3
https://www.doi.org/10.14283/jpad.2021.70
https://www.doi.org/10.1111/j.1600-0404.2008.01133.x
https://www.doi.org/10.1016/j.jdiacomp.2014.12.007
https://www.doi.org/10.1002/ijc.29619
https://www.doi.org/10.1155/2018/2061376
https://www.doi.org/10.1016/j.jns.2009.09.013
https://www.doi.org/10.1210/jc.2015-4069
https://www.doi.org/10.1007/s10719-016-9696-9
https://www.doi.org/10.1016/j.diabet.2008.04.003
https://www.doi.org/10.1016/j.diabet.2008.04.003
https://www.doi.org/10.1159/000357002
https://www.doi.org/10.1177/1352458507088105
https://www.doi.org/10.1177/1352458507088105
https://www.doi.org/10.1038/srep21890
https://www.doi.org/10.1159/000488622
https://www.doi.org/10.1016/j.neuropharm.2017.11.047
https://www.doi.org/10.1016/j.neuropharm.2017.11.047
https://www.doi.org/10.1002/prp2.636
https://www.doi.org/10.1515/revneuro-2015-0003
https://www.doi.org/10.1093/glycob/cwi053
https://www.doi.org/10.1016/j.jns.2012.02.018
https://www.doi.org/10.2174/1567205043480582
https://www.doi.org/10.1371/journal.pone.0009052
https://www.doi.org/10.1371/journal.pone.0009052
https://www.doi.org/10.1016/j.neulet.2004.08.071
https://www.doi.org/10.12659/MSM.894347
https://www.doi.org/10.3389/fncel.2016.00102
https://www.doi.org/10.3389/fncel.2016.00102
https://www.doi.org/10.1074/jbc.272.28.17810
https://www.doi.org/10.1038/ki.1996.186
https://www.doi.org/10.1155/2016/7067984
https://www.doi.org/10.5114/ada.2018.76228
https://www.doi.org/10.1007/s00403-016-1624-0
https://www.doi.org/10.1007/s00403-016-1624-0
https://www.doi.org/10.1016/j.jneuroim.2017.01.019
https://pubmed.ncbi.nlm.nih.gov/17447853
https://www.doi.org/10.1016/j.nut.2014.03.017
https://www.doi.org/10.1007/s00415-006-0301-1

	Plasma levels of soluble RAGE, AGEs and AOPPs at the early stage of amyotrophic lateral sclerosis: 

