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Preface

A rare disease is a health condition with a lower prevalence than common diseases. The World

Health Organization defines a rare disease as one that strikes fewer than 65 per 100,000 people.

However, their combined effect is significant: around 7,000 rare diseases affect approximately 350

million people worldwide.

Biomarkers play a crucial role in diagnosing and monitoring rare diseases, which are often

challenging to detect and understand due to their low prevalence and diverse clinical manifestations.

Biomarkers serve as measurable indicators of biological processes or conditions in rare diseases,

offering valuable insights into disease mechanisms and progression. These markers may include

genetic mutations, protein levels, or other molecular signatures unique to a rare condition. The

discovery and validation of such biomarkers contribute to early detection and the development of

targeted therapies, allowing for more effective and personalized treatment approaches.

As technology advances, the integration of omics technologies, such as genomics, proteomics,

and metabolomics, has further expanded the repertoire of potential biomarkers, fostering a deeper

understanding of rare diseases and paving the way for innovative diagnostic and therapeutic

strategies. Biomarkers enhance our ability to navigate diagnostic challenges and promise to improve

patient care and foster breakthroughs in treatment modalities.

Andrea Bernini

Editor
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Abstract: RASopathies are a group of related genetic disorders caused by mutations in genes within
the RAS/MAPK signaling pathway. This pathway is crucial for cell division, growth, and differen-
tiation, and its disruption can lead to a variety of developmental and health issues. RASopathies
present diverse clinical features and pose significant diagnostic and therapeutic challenges. Studying
the landscape of biomarkers in RASopathies has the potential to improve both clinical practices and
the understanding of these disorders. This review provides an overview of recent discoveries in
RASopathy molecular profiling, which extend beyond traditional gene mutation analysis. mRNAs,
non-coding RNAs, protein expression patterns, and post-translational modifications characteristic of
RASopathy patients within pivotal signaling pathways such as the RAS/MAPK, PI3K/AKT/mTOR,
and Rho/ROCK/LIMK2/cofilin pathways are summarized. Additionally, the field of metabolomics
holds potential for uncovering metabolic signatures associated with specific RASopathies, which
are crucial for developing precision medicine. Beyond molecular markers, we also examine the role
of histological characteristics and non-invasive physiological assessments in identifying potential
biomarkers, as they provide evidence of the disease’s effects on various systems. Here, we synthesize
key findings and illuminate promising avenues for future research in RASopathy biomarker discovery,
underscoring rigorous validation and clinical translation.

Keywords: RASopathies; biomarkers; molecular signatures; precision medicine; personalized
diagnostics

1. Introduction

RASopathies represent a group of rare genetic diseases affecting fewer than 1 in
1000 people worldwide, characterized by a germline mutation in one of the genes encod-
ing components of the RAS/MAPK pathway [1,2]. These mutations may be de novo or
inherited, and the associated phenotypic features and congenital anomalies are diverse [3].
These conditions share overlapping features, including developmental delays, cranio-
facial dimorphism, cardiac malformations, cutaneous manifestations, musculoskeletal
abnormalities, neurologic issues, and an elevated risk of cancer, making patients’ lifespan
shorter [3]. These diverse and often severe symptoms significantly affect patients’ quality of
life, impacting multiple organ systems. For this reason, it is important to advance research
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in this area to improve diagnosis, treatment, and support for affected individuals. The
spectrum of RASopathies encompasses diverse disorders such as neurofibromatosis type
1 (NF1), Noonan syndrome (NS), Noonan syndrome with multiple lentigines (NSML),
Noonan syndrome-like with loose anagen hair (NS-LAH), neurofibromatosis–Noonan
syndrome (NFNS), Noonan syndrome-like (NSL), Legius syndrome (LS), cardiofaciocuta-
neous syndrome (CFC), Costello syndrome (CS), and capillary malformation–arteriovenous
malformation syndrome (CM-AVM) [4]. NF1 results from various types of loss-of-function
mutations in the tumor suppressor gene NF1. NS presents the highest locus heterogene-
ity: approximately half of NS patients carry mutations in PTPN11, while the other half
present mutations in SOS1, SOS2, SPRY1, CBL, LZTR1, RIT1, RRAS2, NRAS, HRAS, RRAS,
KRAS, MRAS, PPP1CB, CRAF, RAF1, MAP3K8, and ERK2 [3,5]. While NS arises from
gain-of-function mutations in RAS pathway proteins, NSML is due to loss-of-function
mutations [6]. NS-LAH arises from mutations in SHOC2 or PPP1CB [7,8], whereas NFNS
arises from mutations in NF1 and may involve the co-occurrence of variants in NF1 and
another gene associated with NS [9]. LS is caused by mutations in SPRED1 [10]; CFC
results from mutations in KRAS, BRAF, MEK1, and MEK2 [11]; CS is caused by mutations
in HRAS [12]; and CM-AVM is most frequently caused by mutations in RASA1, although
recently mutations in EPHB4 have been identified [13]. RASopathy patients exhibit alter-
ations in the expression and activation of proteins in several signaling pathways, including
RAS/MAPK, PI3K/AKT/mTOR, Rho/ROCK/LIMK2/cofilin, cAMP/PKA, JAK/STAT,
Hippo, Wnt/β-catenin, and TGF-β [14–17]. Given the overlapping clinical presentations
among RASopathies alongside their unique characteristics, leveraging biomarkers becomes
imperative to enhance diagnostic accuracy, prognostic assessment, and treatment strategies.
Moreover, there is a need for continued exploration and validation of these biomarkers to
better understand their roles and potential clinical applications.

A biomarker is a measurable and quantifiable indicator of normal or pathological
processes or a response to exposures or interventions. Biomarkers can be divided into
different categories based on the evaluated indicator: molecular (DNA, RNA, proteins, and
metabolites), histologic (tissue samples), or physiologic (blood pressure, heart rate, electro-
cardiography, echocardiography, and energy X-ray absorptiometry). An ideal biomarker
should be either binary (absent or present) or objectively quantifiable, and it should be
sensitive and specific. For this reason, developing a biomarker is a lengthy process that
requires several steps, including identification, validation, and characterization [18]. De-
pending on their specific use, biomarkers can be categorized into diagnostic, monitoring,
pharmacodynamic/response, and prognostic categories, and for their different uses, they
assume great biological relevance [19]. A diagnostic biomarker identifies and confirms the
presence and subtype of disease, playing a pivotal role in redefining disease classification in
the precision medicine era. Early disease diagnosis enables earlier patient treatment, mak-
ing the design of early diagnostic biomarkers crucial. Additionally, a prognostic biomarker
predicts the likelihood of clinical events, disease recurrence, or progression and is essential
for assessing the risk of poor outcomes. Monitoring biomarkers are indispensable for track-
ing disease progression, as they reflect disease status and exposure to or effects of medical
agents. They also aid in treatment tailoring by providing evidence of off-target effects and
ensuring drug safety through stable biomarker levels [19]. Furthermore, biomarkers enable
an understanding of the molecular basis of physiological or pathological mechanisms, and
they can also be essential in drug development and personalized medicine, as they make it
possible to tailor treatments to the molecular profiles of patients [20].

Historically, NF1 was the first described RASopathy, diagnosed through clinical analy-
sis and characteristic phenotypical features such as café-au-lait spots, intertriginous freck-
ling, neurofibromas, and skeletal dysplasia, among other physiological and histological
biomarkers [2]. The development of genetic testing techniques in the 2000s enabled precise
identification of various mutations, leading to more accurate diagnoses despite overlapping
characteristics. Today, the advent of next-generation sequencing (NGS) technologies allows
a deeper analysis of variants causing RASopathies [20]. Currently, biomarkers used in RA-
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Sopathies include genetic and transcriptional analysis of the RASopathy-associated genes,
activation levels of RAS/MAPK proteins, measurement of serum levels of immune markers
involved in the RAS/MAPK pathway, cardiac biomarkers, neurocognitive assessments, and
physical features [3,21–24]. Nonetheless, only a few biomarkers are used in the detection
and monitoring of RASopathies, and furthermore, there is a lack of specific therapies.

Even today, a significant number of RASopathy patients test positive in clinical analysis
but not in genetic testing, due to the presence of mutations in non-coding regions or
mosaicism [25]. Furthermore, despite the extensive literature on RASopathies and their
molecular signatures, very few of these findings are employed as biomarkers in clinical
practice, not only for diagnosis but also for tailoring precision medicine. The validation of a
new biomarker for clinical use is a large, multi-step process ensuring its reliability, accuracy,
and utility, involving analytical validation to establish its characteristics and biological
relevance, followed by clinical validation and utility through retrospective and prospective
clinical trials to confirm its ability to predict clinical outcomes reliably [18]. For RASopathies,
the primary challenge for a biomarker is achieving high sensitivity and specificity in
distinguishing between closely related disorders reproducibly, especially given the absence
of RASopathy-specific treatments and the need for drugs targeting comorbidities or specific
pathological features, necessitating a wide array of biomarkers [2]. The aim of this review
is to consolidate existing knowledge on biomarkers utilized in the diagnosis, monitoring,
and treatment of RASopathies, while also proposing avenues for future research to identify
novel biomarkers. To achieve this goal, we have summarized recent studies and findings
on RASopathies, categorizing biomarkers into molecular, metabolic, histological, and
physiological sections.

2. Molecular Biomarkers of RASopathies

Molecular biomarkers are defined as one or a group of individual molecules measured
by differential expression or concentration between a disease state and a normal control [26].
Molecular RASopathy biomarkers used thus far include genetic variants evaluated by
genetic testing, mRNAs and ncRNAs assessed through both qualitative and quantitative
analysis, and protein activity and expression levels [26].

2.1. Genes as Biomarkers

The most employed method of diagnosis of RASopathies is clinical examination;
nonetheless, genetic testing is the most reliable method of detection and a well-established
source of diagnostic molecular biomarkers, even if it is not routinely conducted for all
patients [26]. This includes genomic DNA analysis of the RASopathy genes (Figure 1A)
to find the pathogenic genetic variants by Sanger sequencing as well as whole-genome
sequencing (WGS) and whole-exome sequencing (WES) for more comprehensive genetic
testing [22,27]. Identified variants are normally classified following the criteria of the
Human Genome Variation Society as benign, likely benign, uncertain clinical significance,
likely pathogenic, or pathogenic, so that they can be used as genetic biomarkers of the dis-
ease [28,29]. Nonetheless, genetic screenings may sometimes prove ineffective in detecting
the disease, as seen in the case of NS, where approximately 10–20% tested negative [25].
Furthermore, mosaicism, a condition in which individuals have two or more populations
of cells with different genotypes due to spontaneous new mutations occurring during
early embryonic or fetal development, can also contribute to the challenges in diagnosing
RASopathies, as detection in blood is rarely successful [30]. In such cases, it is necessary to
directly test the affected tissue by somatic sequencing to identify the mutation [31].
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to uncover the molecular mechanisms underlying RASopathies, employing diverse tran-
scriptomics techniques (Figure 1B, Table S1) [32–35]. 

In NF1, certain pathogenic variants can impact pre-mRNA splicing, and they are typ-
ically missed by genetic testing and bioinformatic prediction. For this reason, mRNA anal-
ysis has been crucial for identifying these variants and diagnosing the disease [33,34]. 
mRNA has also been used as a prognostic biomarker in CS. RT-qPCR studies demon-
strated that the severity of the phenotype and the frequency of cancer in this syndrome 
may result from the splicing efficiency of exon 2 inclusion due to activating HRAS muta-
tions. This also suggests that therapeutic interventions for CS could potentially target exon 
2 skipping [35]. Furthermore, mRNA studies enable the observation of differential gene 
expression in tissues and cell types, potentially revealing gene expression profiles of both 
affected and unaffected tissues in RASopathies. Although these differences have not yet 
been used as biomarkers of RASopathies, they could be crucial for designing new bi-
omarkers in the future (Table S2) [26,36]. In NS, RNA-seq profiles of WT and LZTR1-defi-
cient induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have already 
been analyzed in a preclinical model of CRISPR repair for NS-associated cardiomyopathy, 
demonstrating that such therapy could potentially offer a means to normalize the hyper-
trophic phenotype commonly observed in NS patients [37]. 

Gene expression analysis in cardiomyocytes from an NSML patient revealed more 
than 400 downregulated genes and 200 upregulated genes, with the latter being genes 
associated with muscle development [38]. Furthermore, RNA-seq analysis has been uti-
lized in CM-AVM to assess whether genetic variants causing the disease could result in a 
reduction in RASA1 or RAS/MAPK gene expression [39]. Regarding NF1, it was discov-
ered that the extracellular matrix of cutaneous neurofibromas (cNFs) in NF1 patients is 
largely comprised of collagen VI, a collagen type associated with a pro-tumorigenic role, 
in contrast to the typically pro-fibrogenic collagen I [40]. Furthermore, a study analyzing 

Figure 1. Molecular biomarkers of RASopathies. (A) Each circle represents a specific RASopathy and
includes the associated genes. (B) mRNA detection methods: Overview of the main mRNA detection
methods used to study the RASopathies. Created with BioRender.com (accessed on 3 August 2024).

2.2. mRNA Biomarkers

The second most common type of biomarker used in RASopathies is at the RNA
level, involving qualitative and quantitative analysis of mRNA and non-coding RNA
(ncRNA), such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) [26,32]. In
various studies, mRNA has been utilized as a diagnostic and prognostic biomarker and as
a tool to uncover the molecular mechanisms underlying RASopathies, employing diverse
transcriptomics techniques (Figure 1B, Table S1) [32–35].

In NF1, certain pathogenic variants can impact pre-mRNA splicing, and they are
typically missed by genetic testing and bioinformatic prediction. For this reason, mRNA
analysis has been crucial for identifying these variants and diagnosing the disease [33,34].
mRNA has also been used as a prognostic biomarker in CS. RT-qPCR studies demonstrated
that the severity of the phenotype and the frequency of cancer in this syndrome may result
from the splicing efficiency of exon 2 inclusion due to activating HRAS mutations. This also
suggests that therapeutic interventions for CS could potentially target exon 2 skipping [35].
Furthermore, mRNA studies enable the observation of differential gene expression in
tissues and cell types, potentially revealing gene expression profiles of both affected and
unaffected tissues in RASopathies. Although these differences have not yet been used as
biomarkers of RASopathies, they could be crucial for designing new biomarkers in the
future (Table S2) [26,36]. In NS, RNA-seq profiles of WT and LZTR1-deficient induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have already been analyzed in
a preclinical model of CRISPR repair for NS-associated cardiomyopathy, demonstrating
that such therapy could potentially offer a means to normalize the hypertrophic phenotype
commonly observed in NS patients [37].

Gene expression analysis in cardiomyocytes from an NSML patient revealed more than
400 downregulated genes and 200 upregulated genes, with the latter being genes associated
with muscle development [38]. Furthermore, RNA-seq analysis has been utilized in CM-
AVM to assess whether genetic variants causing the disease could result in a reduction
in RASA1 or RAS/MAPK gene expression [39]. Regarding NF1, it was discovered that
the extracellular matrix of cutaneous neurofibromas (cNFs) in NF1 patients is largely
comprised of collagen VI, a collagen type associated with a pro-tumorigenic role, in contrast
to the typically pro-fibrogenic collagen I [40]. Furthermore, a study analyzing mRNA
profiles of the plexiform neurofibroma (pNF) tumor environment demonstrated that these
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tumors are enriched with fibroblasts and non-myelinated Schwann cells [32]. Moreover,
through the analysis of differential gene expression using scRNA-seq, it was revealed that
orbitofacial NFs exhibit heightened activation of pathways related to cell proliferation,
interferons, and immunity, suggesting a potential explanation for their increased local
aggressiveness compared to other types of NFs [41]. All this evidence highlights the
potential of incorporating mRNA into clinical practice and diagnosis.

2.3. ncRNA Biomarkers

The majority of the human genome is transcribed into non-coding RNAs (ncRNAs),
which can be divided into classes according to their function, shape, and length [42]. Among
these, two important categories found to have an impact on RASopathies are microRNAs
(miRNAs) and long non-coding RNAs (lncRNAs) [43,44]. Indeed, up to 49 ncRNAs in total
have been found to be involved in RASopathies (Table S3). Nonetheless, these are not yet
widely used in clinical practice for diagnosing or monitoring RASopathies.

miRNAs serve as fine-tuning negative regulators of gene expression and, when mu-
tated, can lead to RASopathies [43]. A study involving five patients with previously
diagnosed RASopathies identified novel variants in mature miRNAs, pinpointing these as
the underlying causes of the diseases. Therefore, both genomics and transcriptomics can
be employed to analyze miRNAs and discover new variants associated with RASopathies,
which are typically not identified through gene sequencing [43]. Furthermore, differential
expression of miRNAs can be observed in RASopathies and has been crucial for under-
standing the molecular signature of malignant peripheral nerve sheath tumors (MPNSTs)
compared to pNFs, as well as high-grade gliomas versus low-grade gliomas in NF1 [45–47].
Similarly, it has been valuable in clarifying the progression of juvenile myelomonocytic
leukemia (JMML) in patients with NS caused by mutations in PTPN11 [48]. These promis-
ing findings highlight the important role of miRNAs in RASopathies and their potential as
biomarkers, underscoring the need for further experimental research.

Less is known about lncRNAs; they interact with proteins and nucleic acids to reg-
ulate gene expression, yet research into their role in RASopathies remains limited [49].
The lncRNA ANRIL is the only currently reported NF1 lncRNA, and the polymorphism
rs2151280 has been associated with pNFs in NF1 patients. Interestingly, this polymorphism
has also been identified in optic gliomas in NF1 patients, and some tumors from NF1
patients have exhibited loss of heterozygosity (LOH) at the ANRIL locus [50]. In another
study, it was used as a diagnostic biomarker: a boy who was clinically diagnosed with
NS but had negative genetic testing was found to have a deletion in lncRNA-Dnm3os, as
determined by oligonucleotide-based array comparative genomic hybridization [44]. This
lncRNA, which encodes two N-Ras-regulating miRNAs, was demonstrated to be required
for maintaining the proliferative potential of articular chondrocytes by triggering Nerve
Growth Factor (NGF) signaling [44]. This evidence not only resolved a particular case of
NS but also highlighted a new class of lncRNAs, which, apart from producing miRNAs,
form a regulatory network that maintains a proper pool of proliferating chondrocytes to
support bone growth, dysregulated in NS.

2.4. Protein Biomarkers

As RASopathies result from specific genetic mutations that can alter protein expression
or activation levels directly or indirectly, the use of proteins as biomarkers is crucial in these
diseases. To date, 20 proteins have been utilized as biomarkers in RASopathies, with post-
translational modifications (PTMs) including sixteen phosphorylations, two dephoshoryla-
tions, five ubiquitinations, two SUMOylations, three methylations, two acetylations, one
palmitoylation, one ADP-ribosylation, one O-GlcNAcylation, and one S-nitrosylation being
analyzed (Figure 2, Table S4).
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Figure 2. Protein biomarkers of RASopathies. Each color represents a disease: NF1 (blue), LS (gray),
CM-AVM (pink), NS (brown), CS (violet), NSML (orange), and CFC (light pink). Inhibitors are
indicated in red. Yellow circles denote phosphorylation, and green circles denote ubiquitination. PTM
indicates the presence of multiple types of posttranslational modifications on that protein. Created
with BioRender.com (accessed on 3 August 2024).

2.4.1. RAS/MAPK Biomarkers

The RAS/MAPK pathway biomarkers, including HRAS, KRAS, NRAS, ERK, MEK,
RAF, and AKT, are common biomarkers [51] (Figure 2). This pathway is also intricately
regulated by PTMs such as phosphorylation, ubiquitination, SUMOylation, and methy-
lation (Figure 2, Table S4) [52]. These modifications are crucial for precise control of RAS
signaling, and their dysregulation can contribute to RASopathies and tumorigenesis. RAS
protein levels are regulated by ubiquitination and SUMOylation, which play a crucial role
in regulating this pathway [53,54]. Additional PTMs regulating RAS degradation include
phosphorylation of HRAS by GSK3β on residues T144 and T148 [55]. Other PTMs include
methylation of K5 and K147 of KRAS [56] and palmitoylation of C181 and C184 of HRAS
and NRAS, respectively, affecting the subcellular location and activity of RAS [57]. PTMs,
facilitated by various proteins, play a fundamental role in regulating the degradation of
RAS proteins, ensuring tight control cover their signaling functions. The interplay of these
PTMs is vital for proper RAS signaling, and disruptions in these modifications can lead to
sustained RAS activation, contributing to RASopathies and tumorigenesis. Understand-
ing these PTMs provides valuable insights into the molecular mechanisms underlying
RAS-driven diseases and highlights potential therapeutic targets for intervention.

Beyond RAS proteins, neurofibromin levels have been studied as biomarkers in
NF1 [58–60]. Additionally, mutants such as KRASG13D exhibit impaired NF1 binding
and are specific biomarkers for predicting sensitivity to EGFR-targeted therapies [61]. Inter-
estingly, neurofibromin also undergoes phosphorylation at site S2808 by PKC-ε, which is a
crucial regulatory process that impacts the protein’s function in nuclear import and chro-
mosome congression during mitosis [62]. Neurofibromin has long been implicated using
various cell types and animal models as a positive or negative regulator of cAMP levels,
although identifying the key molecules involved in this coupling has proven challenging,
and the role of Ras has been reported to be variable [62]. Additionally, neurofibromin
responds to growth factor stimuli, which modulate its interaction with regulatory proteins
such as 14-3-3, thereby affecting its GAP activity towards Ras [63]. In NF1, the loss of
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neurofibromin results in defective regulation of RAS ubiquitination, leading to sustained
RAS activation and contributing to tumorigenesis [58]. Regarding PTMs, neurofibromin un-
dergoes methylation [64] and SUMOylation, with 15 SUMO consensus motifs and two SIM
sites predicted by JASSA [65]. Palmitoylation also occurs in the SPRED1–neurofibromin–
KRAS complex [66]. Other proteins with PTMs include BRAF, c-RAF (RAF1), MEK1, MEK2,
and ERK [53–56,67–77] (Table S2).

2.4.2. PI3K/AKT/mTOR Biomarkers

Due to the crosstalk between the PI3K/AKT/mTOR and RAS/MAPK pathways,
phosphorylation levels of AKT, S6RP, and mTOR have been previously used as biomarkers
in research on RASopathies [16,78] (Figure 2). To the best of our knowledge, these are
not currently used as diagnostic biomarkers for RASopathies. Nonetheless, based on
the following evidence, we propose their use in clinical practice for the study of affected
tissues. In a case study of a patient with PTPN11-caused NS, immunohistochemistry of a
lesion from a glioneuronal neoplasm showed positive staining for pmTOR [16]. Similar
results were obtained in an NSML patient with hypertrophic cardiomyopathy caused
by a mutation in PTPN11, where the levels of pAKT and pS6RP (a downstream target
of mTOR) in the patient’s skin fibroblasts demonstrated enhanced PI3K/AKT/mTOR
pathway activity. Furthermore, treatment with everolimus, an mTOR inhibitor, resulted in
an improvement in heart failure risk and a reduction in brain natriuretic peptide levels [78].
Nonetheless, the functional link between SHP2 (encoded by PTPN11) and mTOR is not fully
understood, although it has been found that the regulatory subunit p85 of PI3K interacts
directly with SHP2 [79]. High levels of pAKT, pmTOR, and pS6RP have also been found in
MPNSTs, indicating their role in the aggressive clinical behavior of these tumors in NF1
patients [80]. Preclinical and clinical trials have demonstrated the effectiveness of mTOR
inhibitors in treating cNFs and low-grade gliomas, underscoring the potential of pmTOR as
a treatment response biomarker for these conditions in NF1 patients [81–83]. Furthermore,
it would be valuable to investigate whether pmTOR could serve as a predictive biomarker
for progression from benign to malignant fibromas in NF1.

2.4.3. Rho/ROCK/LIMK2/Cofilin Biomarkers

The Rho/ROCK/LIMK2/cofilin pathway is a key pathway for various cellular pro-
cesses such as cytoskeletal dynamics, cell migration, cell morphology, and cell adhe-
sion [84] (Figure 2). This pathway has not been extensively studied in the context of
RASopathies [85,86], but in NF1, ROCK plays a crucial role in regulating actin cytoskeleton
dynamics and cell contractility [85]. Dysregulation of this pathway can lead to cardiac
abnormalities and developmental defects, as seen in conditions such as NS and LS, due to
gain-of-function SHP-2 mutations that induce hyperactivity of ROCK [87].

2.4.4. cAMP/PKA Biomarkers

Up to three biomarkers have been identified in the cAMP/PKA pathway in RA-
Sopathies, namely, cAMP [88,89], PKA [60], and the ratio between neurofibromin iso-
forms I and II [90]. These molecules influence the balance between the cAMP/PKA and
RAS/MAPK pathways, which can be used as a therapeutic strategy for cNFs [89] (Figure 2).
The cysteine-serine-rich domain of neurofibromin may regulate adenylate cyclase (AC)
activity; thus, the deletion of neurofibromin results in dysfunctional cAMP signaling [88,91].
On the other hand, PKA phosphorylates neurofibromin, impairing its GAP activity and
thus dysregulating the RAS/MAPK pathway [60]. The ratio between neurofibromin iso-
forms I and II contributes to this regulation, as isoform II is a weaker negative regulator of
RAS than isoform I [90].

2.4.5. JAK/STAT Biomarkers

The JAK/STAT pathway is composed of non-receptor tyrosine protein kinases (JAKs)
and signal transducers and activators of transcription (STATs) [92]. This pathway plays
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integral roles in various cellular processes, including mitosis, differentiation, apoptosis,
hematopoiesis, the development of the immune system, and the functioning of exocrine
glands [93]. In RASopathies, this pathway’s components have not yet been used as biomark-
ers. Given the interplay between the JAK/STAT and RAS/MAPK pathways [94] (Figure 2),
it was suggested that this pathway should be explored as a biomarker for RASopathies.
Indeed, SHP2 directly dephosphorylates STAT5 and JAK1, thereby attenuating their activity
through inhibition of dimerization [95,96]. Additionally, STAT3 is identified as a critical
factor in the initiation of neurofibromas [97].

2.4.6. Hippo Pathway Biomarkers

The Hippo tumor suppressor pathway is an evolutionarily conserved signaling cas-
cade that regulates numerous biological processes, such as cell growth, organ size control,
and regeneration [98,99] (Figure 2). Although, to the best of our knowledge, the compo-
nents of the Hippo pathway have not yet been used as diagnostic or monitoring biomarkers
in RASopathies, there is evidence highlighting its impact in NF1. WES studies in NF1
patients assessing the role of acquired somatic mutations in the growth of cutaneous neu-
rofibromas (cNFs) have revealed significant dysregulation of Hippo signaling, suggesting
its involvement in cancer progression [100]. Further investigations using WES datasets
of cNFs from NF1 patients identified 30 somatic mutations in the Hippo pathway genes,
along with elevated expression levels of YAP and TAZ [15]. Moreover, evidence suggests
that the transformation of MPNSTs from SCs is influenced by deregulation of the Hippo
pathway [68,101]. These studies, along with the interplay between the Hippo pathway and
the RAS/MAPK and PI3K/AKT/mTOR pathways mediated by core Hippo kinase proteins
(MST1/2 and LATS1/2) [14], suggest that investigating Hippo pathway components as
biomarkers could yield novel diagnostic and monitoring tools for RASopathies, improving
disease management and treatment outcomes.

2.4.7. Wnt/β-Catenin Biomarkers

The Wnt/β-catenin pathway, the canonical pathway involving the Wnt cascade [102],
plays crucial roles in embryonic development and tissue homeostasis [103]. The key
molecule in this pathway is β-catenin, which acts as a nuclear effector of the pathway and
is also an important component of the cytoskeleton [104]. Up to four biomarkers have
been related to the Wnt/β-catenin pathway in RASopathies, namely, β-catenin [17,105],
the Wnt ligand Frizzled (FZD) [17], neurofibromin [17], and parafibromin [106] (Figure 2).
These biomarkers collectively provide insights into the interplay between the Wnt/β-
catenin and RAS/MAPK pathways, crucial for understanding the molecular mechanisms
underlying RASopathies.

2.4.8. TGF-β Pathway Biomarkers

Transforming growth factor-β (TGF-β) represents an evolutionary conserved family of
secreted proteins with cell-type-specific and developmental-stage-specific actions, playing
roles in embryogenesis, differentiation of most cell lineages, and adult tissue homeosta-
sis [107,108]. Three biomarkers have been identified for the TGF-β pathway in RASopathies
(Figure 2). TGF-β itself is the primary biomarker, as the frequency of CD4+ cells express-
ing it is increased in NF1 patients, suggesting an immunosuppressed status [109]. SHP2
is a biomarker for NS, since mutations excessively activate the TGF-β pathway, produc-
ing an impairment in early neuroectodermal development in NS-iPSCs [110]. Finally,
regarding CS, hyperactivation of SMAD3 signaling during osteogenic differentiation of
CS-patient-derived mesenchymal stem cells leads to aberrant expression of extracellular
matrix remodeling proteins [73]. Understanding the TGF-β signaling pathway might clarify
the molecular pathogenesis of tumor development in NF1 and how neurodevelopment
and osteogenic differentiation are affected in NS and CS, respectively. The integration
of molecular biomarkers with clinical data, including blood tests, cardiac and immune
biomarkers, and imaging techniques such as MRI and PET, enhances diagnosis, monitoring,
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and treatment tailoring for patients. This approach is crucial in clinical practice, providing
a more holistic understanding of RASopathies.

3. Metabolite Biomarkers

Studying the metabolome can reveal the organism’s metabolic response to a patholog-
ical stimulus and provide information on the molecular pathways involved in the devel-
opment and progression of a certain disease, helping to bridge the genotype–phenotype
gap [111,112]. Very few studies have been conducted to correlate metabolomics and
RASopathies, and only a limited number of relevant metabolites have been identified.
Metabolomic studies on RASopathies have identified up to five different potential biomark-
ers: adipokines, glucose levels, high-density lipoprotein (HDL) cholesterol, triglycerides (TGs),
and urinary catecholamine. It has been demonstrated that individuals with NF1 exhibit
increased metabolic levels of adipokines—cytokines regulated by adipocytes—compared to
controls [113]. NF1 patients also exhibit reduced fasting blood glucose and enhanced
glucose clearance compared to matched controls [113,114]. This enhanced metabolism
of glucose and other energy substrates may participate in tumor growth and transfor-
mation [115]. Furthermore, other research suggests that both children and young adults
affected by NS or Noonan-related diseases have an unfavorable metabolic profile with
low HDL cholesterol, a tendency toward elevated TGs, and an impairment in glucose
metabolism despite presenting a lean phenotype [116]. Elevated urinary catecholamine
metabolites were observed in a patient suffering from progressive neonatal hypertrophic
cardiomyopathy (HCM) and dysmorphic features in whom a well-known NSML-associated
PTPN11 mutation (c.1403 C>T; p.T468M) and a novel, potentially pathogenic missense
SOS1 variant (c.1018 C>T; p.P340S) were found. In particular, mild elevations of vanillyl-
mandelic acid (VMA) and homovanillic acid (HVA) raised concerns of neuroblastoma that,
along with the progressive HCM, suggested a RASopathy [117]. This altered metabolic
profile has also been described in patients with CS, with increased levels of VMA, HVA,
epinephrine, norepinephrine, dopamine, and other metabolites [118]. The detection of
such metabolites is feasible in terms of accessibility, as the measurements are taken from
urine or blood, for example, and the alterations are determined with precision by using
methods such as analytical liquid chromatography–mass spectrometry (LC-MS) [119]. Al-
terations in glucose metabolism and lipid profiles significantly impact disease progression
in RASopathies. Increased glucose clearance can support tumor development and exacer-
bate disease symptoms, while abnormal lipid profiles, such as low HDL cholesterol and
high triglycerides, contribute to cardiovascular issues and metabolic complications. These
metabolic disruptions fuel tumor growth, elevate cardiovascular risks, and disrupt overall
metabolic balance, complicating patient management and outcomes.

4. Biomarkers in Histology and Molecular Tissue Characterization

In pathology, various techniques identify potential biomarkers that are essential for
diagnosis, prognosis, and treatment response. These biomarkers play a pivotal role in
clinical trials for disease prediction and treatment monitoring [120]. Histological and
molecular biomarkers of RASopathies have been utilized (Figure 3).

These include cellular and tissue structure changes, such as alterations in cell shape
and size or extracellular matrix modifications including fibrosis [40,121]. Tissue abnor-
malities, such as hypertrophic cardiomyopathy, skeletal muscle myopathy, and cutaneous
papillomas, are also significant [121–123]. Molecular markers involve the presence or
absence of specific proteins detectable through immunohistochemistry [124], including
Ki-67, p53, AXL, ERK phosphorylation, growth factors and hormone receptors, VEGF,
Interleukin-6, CXCR4/CXCL12, calbindin D, S100, p16, and CDKN2A, among others,
providing insights into tissue structure, function, and pathological states (Figure 3).
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Figure 3. Histological and molecular characterization of RASopathies. Schematic representation of
histological (left panel) and molecular (right panel) biomarkers commonly used in RASopathies
for diagnosis, prognosis, and treatment response. Created with BioRender.com (accessed on 3
August 2024).

In NF1, specific biomarkers identify clinical and histological features such as neurofi-
bromas [40], café-au-lait spots [125], optic gliomas [126], and Lisch nodules [127], high-
lighting distinct cellular compositions and tissue characteristics associated with the disease
(Figure 3). Additionally, specific biomarkers such as hypercellularity and nuclear atypia in
MPNSTs [128]; growth factors, hormone receptors, and signaling pathways in cNFs [120];
and insulin-like growth factor-1 and growth hormone receptors in neoplastic Schwann
cells [120], along with ERK phosphorylation; mTOR pathway targets [129]; and histological
markers such as calbindin D, S100, and nestin, are crucial for diagnosis, prognosis, patient
selection, and treatment assessment [130]. Additional markers such as TLE1, HMGA2,
p53, p16, CDKN2A, and miR-204 aid in differentiating tumor types and predicting patient
outcomes [131–133] (Figure 3). LS shares clinical features with NF1, such as café-au-lait
macules and freckling, but lacks neurofibromas [134], and while histological similarities
include increased melanin levels [135], specific histological biomarkers unique to LS have
not been identified.

Research on biomarkers in NS, NSML, and CS has provided valuable insights for their
diagnosis and management. In NS, salivary inflammatory biomarkers such as defensin α1
and thymosin β4 are elevated [136], and males may show specific biomarkers indicating
primary testicular insufficiency in Sertoli cells [137]. Histological findings in NS include
cellular hyperplasia in skin and connective tissues, with cardiac manifestations suggesting
potential histological changes in cardiac tissue [122,138,139]. NSML is characterized by
cardiac features such as pulmonary valve stenosis and hypertrophic cardiomyopathy, along
with lentigines on the skin [121]. CS presents with dysmorphic facial features, dermatologi-
cal manifestations, and cardiac anomalies, with histological biomarkers such as abnormal
collagen and elastic fibers contributing to its diagnosis and management [1]. Addition-
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ally, CS is associated with oncogenic predisposition, featuring both benign and malignant
neoplasms such as cutaneous papillomas and rhabdomyosarcoma [123]. Histologically,
specific biomarkers for CFC syndrome are not well defined. Clinically, CFC is character-
ized by cardiac anomalies such as pulmonic stenosis, septal defects, and hypertrophic
cardiomyopathy; distinct facial features; and various skin abnormalities include dryness,
hyperkeratosis, ichthyosis, keratosis pilaris, and hemangiomas [140]. Thus, histological
biomarkers are essential and more reliable for clinical practice in the accurate identification
and management of these diseases.

5. Physiologic Biomarkers

In delineating the physiologic markers of RASopathies, distinctions can be made
among cardiac, bone, and embryonic indicators (Figure 4).
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common to all RASopathies are indicated in white. Created with BioRender.com (accessed on 3
August 2024).

Biomarkers pertaining to bone physiology, mainly increased bone resorption and loss
of mineral density, alterations in the skeleton, reduced growth, alterations in the pectus,
and alterations in the number of fingers, have been used in NF1, NS, NSML, CS, CFCS,
and LS [22,121,141–144]. Regarding detection, most bone physiological markers present
in RASopathies can be detected through X-rays. On the other hand, the loss of mineral
density in bones is detectable by dual-energy X-ray absorptiometry (DXA) or by detecting
urine pyridinium levels, since an increase leads to a decrease in mineral density [143].

Biomarkers of cardiac physiology, mainly arrhythmias and electrocardiogram abnor-
malities, pulmonary valve stenosis, septal defects, and hypertrophic cardiac diseases, are
used in the same RASopathies as bone markers [22,38,121,141,143,144]. The detection of
these biomarkers can be carried out during gestation through gestational ultrasonography.
In adulthood, it is possible to use both electrocardiograms, which detect defects in the
heart rhythm, and cardiac magnetic resonance, which can generate images to determine
ventricular volume and analyze function as well as ejection fraction and myocardial mass,
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providing non-invasive mechanisms that make it possible to identify alterations in car-
diac physiology [38,142,145]. During pregnancy, suspected prenatal RASopathies can be
detected by ultrasound, which allows for the detection of increased nuchal translucency
(>95th percentile), cystic hygroma, cardiac anomalies, hydrops fetalis, pleural effusion,
renal anomalies, ascites, distended jugular lymphatic sac, and polyhydramnios [146].

Neurodevelopmental and endocrine biomarkers are crucial for diagnosis and man-
agement of RASopathies. Common symptoms include developmental delays, cognitive
deficits, and structural brain malformations [147]. Neurodevelopmental biomarkers in-
clude cognitive and developmental assessments; neuroimaging findings; and variations in
brain structure, such as changes in cortical surface area and thickness, as well as subcortical
volume effects specific to each syndrome [148]. Conditions such as NF1, NS, and CS are as-
sociated with delays in speech and motor skills, learning disabilities, intellectual disabilities,
and behavioral issues such as ADHD and autism spectrum disorders [1,147]. Endocrine
complications frequently observed in RASopathies include short stature, reduced bone min-
eral density, and thyroid autoimmunity, with higher anti-TPO antibody levels noted in NS
and CFC syndrome [149] (Figure 4). NF1 also presents endocrine challenges such as central
precocious puberty, growth hormone deficiency, and hypersecretion, often associated with
OPG affecting the hypothalamic–pituitary region [150].

6. Conclusions

Future research on biomarkers for RASopathies should focus on expanding metabolomic
profiles, conducting longitudinal studies, and employing multi-omic approaches. Key
areas include standardizing biomarker measurements, identifying biomarkers across di-
verse populations, and utilizing advanced imaging techniques. Additionally, exploring
epigenetic biomarkers, validating therapeutic ones, and implementing artificial intelligence
to analyze complex data and predict disease progression are essential. These efforts will
enhance the understanding of disease progression, enable personalized treatment, and
support effective clinical implementation, addressing current gaps and improving the
management of RASopathies. Additionally, the transition from biomarker discovery to
clinical application is a complex process that involves several critical steps and challenges.
These include rigorous validation to ensure the biomarker’s reliability and accuracy, as well
as extensive clinical trials to establish its predictive value and utility in real-world settings.
Furthermore, integrating insights from disciplines such as bioinformatics and systems
biology can provide a more comprehensive understanding of the biomarker landscape.
These fields contribute valuable tools and methods for analyzing large datasets, identifying
patterns, and understanding the molecular mechanisms underlying disease processes. This
multidisciplinary approach is essential for overcoming the challenges of biomarker imple-
mentation in routine clinical practice, ultimately enhancing patient diagnosis, monitoring,
and treatment.

Biomarkers can provide a more objective way to diagnose RASopathies, which can
lead to earlier and more effective treatments. They can also help researchers better under-
stand how RASopathies progress, thereby aiding in the development of targeted therapies
that are more effective and have fewer side effects. In the study of RASopathies, genetic
markers remain the most crucial and widely used biomarkers due to their direct correlation
with disease-causing mutations. Non-coding RNAs, such as miRNAs and lncRNAs, are
emerging as important biomarkers but are still primarily in the research phase. Protein
expression levels are directly linked to the presence and severity of RASopathies but are less
frequently used in clinical practice. Phosphorylated proteins, including pAKT, pS6RP, and
pERK, show significant promise for monitoring disease progression and treatment efficacy,
although further clinical validation is needed. Metabolic markers, while less commonly
used, hold potential for monitoring disease severity and complications. Histological and
molecular biomarkers also play a vital role in the diagnosis and clinical management of
RASopathies, offering critical insights into tissue structure and pathological states. Specific
histopathological features, such as the presence of neurofibromas in NF1 or characteristic
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cardiac malformations in NS and NMSL, as well as dermatological features in CS, provide
critical diagnostic clues. The reliability of these biomarkers supports accurate diagnosis,
prognosis, and patient selection for targeted treatments. IHC, utilizing antibodies to detect
biomarkers such as Ki-67, p53, and S100, plays a crucial role on this process, enabling
precise clinical decision making and personalized therapeutic approaches. Physiological
biomarkers, including cardiac function assessments and neurodevelopmental evaluations,
are important for ongoing monitoring of patients with RASopathies. These non-invasive
assessments can help track disease progression and response to treatment, offering valuable
information for clinical management. One of the main concerns of current medicine is
to offer a personalized or precision approach, which consists of adapting medical treat-
ment according to the patient’s genomic variations, biochemical profile, environment, and
lifestyle. There is a significant research gap in translating these biomarkers from research
to clinical practice. Limited clinical validation, the need for standardized protocols, and
a lack of longitudinal studies are major challenges that need to be addressed. In conclu-
sion, while significant progress has been made in identifying and utilizing biomarkers for
RASopathies, much work remains to fully translate these findings into clinical practice.
Continued efforts in basic and clinical research will pave the way for more effective and
personalized approaches to managing these complex disorders, ultimately improving the
health and life expectancy of patients.
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Abstract: Obesity-related ciliopathies, as a group of ciliopathies including Alström Syndrome and
Bardet–Biedl Syndrome, exhibit distinct genetic and phenotypic variability. The understanding of
these diseases is highly significant for understanding the functions of primary cilia in the human
body, particularly regarding the relationship between obesity and primary cilia. The diagnosis
of these diseases primarily relies on clinical presentation and genetic testing. However, there is a
significant lack of research on biomarkers to elucidate the variability in clinical manifestations, disease
progression, prognosis, and treatment responses. Through an extensive literature review, the paper
focuses on obesity-related ciliopathies, reviewing the advancements in the field and highlighting the
potential roles of biomarkers in the clinical presentation, diagnosis, and prognosis of these diseases.

Keywords: obesity; ciliopathy; biomarker; rare disease

1. Introduction
1.1. Primary Cilia and Obesity

Primary cilia, also known as sensory cilia, are highly conserved hair-like organelles [1].
Cilia consist of a microtubule core called the axoneme, which extends from a modified
centriole known as the basal body. A variety of receptors and ion channels are embedded
within the ciliary membranes, facilitating the detection and transmission of stimuli from
the extracellular environment, while also being capable of dispatching signals outward [2].

Obesity prevention and control is a global public health challenge. The 2023 World
Obesity Map predicts that the worldwide prevalence of obesity will rise to 24% in 2035,
with a total of nearly two billion people, and the obese population is also showing a trend
in younger groups [3,4].

There is a strong link between primary cilia and obesity. A series of obesity-associated
loci identified by genome-wide association studies (GWAS) are confirmed to be related to
hypothalamic cilia, including adenylate cyclase 3 (ADCY3) and the melanocortin-4 receptor
(MC4R). ADCY3 has been seen the marker of cilia in neurons, and MC4R is found to
be specifically located on primary cilia in the hypothalamic paraventricular nucleus of
mice [5].

Meanwhile, the causative genes associated with morbid obesity in humans were later
verified to be associated with primary cilia, suggesting that primary cilia may have an
important role in obesity and energy metabolism [6].

1.2. Obesity-Related Ciliopathies

Ciliopathies are a class of genetic disorders whose etiology is related to ciliary
dysfunction [7]. The proteins these genes encode are localized in the cilia–centromere com-
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plex, affecting the assembly, maintenance or function of the centrioles or cilia [8–10]. Cilia
are expressed and play roles in most mature cells of the human body; thus, ciliary defects
affect nearly all organs and tissues, leading to complex symptoms. Common clinical man-
ifestations include obesity, kidney abnormalities, vision and hearing impairments, heart
defects, and insulin resistance [8,10–12]. In total, five ciliopathies are characterized with obe-
sity, including Bardet–Biedl syndrome (BBS, OMIM #209900), Alström syndrome (ALMS,
OMIM #203800), Carpenter syndrome (CRPT, OMIM #201000), mental retardation, truncal
obesity, retinal dystrophy, and micropenis syndrome (MORMS, OMIM #610156), and mor-
bid obesity and spermatogenic failure (MOSPGF, OMIM #615703) [8,13–17]. Most of these
diseases are inherited in an autosomal recessive pattern and the pathogenic mutations
usually lead to the loss of the protein or the production of a non-functional or truncated
protein. BBS has also been described to have a triallelic pattern of inheritance [18].

ALMS is caused by mutations in the ALMS1 gene, with an incidence of 1–9 per
1,000,000 [13]. Defect ALMS1 can lead to multi-organ system damage, with primary
features including early childhood obesity, insulin resistance and hyperinsulinemia, retinal
cone dystrophy, and hearing impairment [19]. The clinical phenotype, onset time, and
severity vary significantly among patients [8,13,20–22].

BBS is also a ciliopathy affecting multiple organ systems, with the estimated inci-
dence of 1 per 160,000 in northern European populations [14]. Unlike ALMS, it could
be caused by mutations in many genes, including BBS1-22, IFT74, SCLT1, SCAPER, and
NPHP genes [14,23]. Major clinical manifestations include retinal dystrophy, polydactyly,
early-onset obesity, hypogonadism, intellectual disability, and renal abnormalities [23,24].
Secondary clinical manifestations include congenital heart disease, liver involvement (such
as liver fibrosis and liver cysts), endocrine disorders, like diabetes, hypothyroidism, and
hypercholesterolemia, enamel hypoplasia, ataxia, delayed speech and growth, craniofacial
anomalies, and olfactory abnormalities [23,24].

CRPT, with an incidence estimated at 1 per 1 million births [25], is characterized
by craniosynostosis, polydactyly, cardiac defects, and obesity [26–28]. It can be divided
into two types. Carpenter syndrome-1 (CRPT1) is caused by homozygous mutations in
the RAB23 gene [28]. According to the Human Gene Mutation Database (HGMD), only
17 pathogenic RAB23 variants have been described in patients with CRPT1 [29]. Carpenter
syndrome-2 (CRPT2) is caused by mutations in the MEGF8 gene [15].

MORMS is caused by homozygous mutations in the INPP5E gene [30]. The primary
clinical features of MORMS include intellectual disability, truncal obesity, retinal dys-
trophy, and a micropenis [16,30]. To date, only one family has been reported with this
syndrome [16]. Obesity development is one of the hallmark features of MORMS. The case
described by Torkar et al. [31] highlighted prominent phenotypic characteristics, including
early-onset and severe obesity, accompanied by the development of metabolic syndrome.

MOSPGF is caused by mutations in the CEP19 gene [17]. The clinical symptom of this
disease is much less complicated compared to other ciliopathies. The primary features of
MOSPGF include morbid obesity and spermatogenic failure [17].

In addition, Joubert syndrome (JBTS, OMIM #213300), as a ciliopathy, is not associated
with obesity generally, but, recently, Sophie et al. [32] found that a patient with JBTS caused
by mutations in the ARL13B gene exhibited an obesity phenotype, expanding the spectrum
of JBTS.

1.2.1. Localization and Functions in Cilia

These proteins encoded by the genes of obesity-related ciliopathies are located in the
different accessory substructures of the primary cilia and have unique functions (Figure 1).
ALMS1 and CEP19 are located in the basal body [33,34]. CEP19 participates in the process
of triggering the entry of intraflagellar transport (IFT) into the cilium [34]. RAB23 local-
izes to the basal region of the cilium adjacent to one of the centrioles, promoting cilium
formation [35]. Eight of the BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8/TTC8,
BBS9, and BBS18/BBIP1) form a transport complex called BBSome [36] while proteins
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BBS6/MKKS, BBS10, and BBS12 are known as chaperone complexes, facilitating the BB-
Some assembly [37]. In addition, BBS3/ARL6 is a GTPase regulating the BBSome entry to
(and exit from) the cilium [38]. ARL13B is also a GTPase ciliary affecting transmembrane
protein localizations and anterograde IFT assembly stability though Sonic Hedgehog (Shh)
signaling [39]. Proteins encoded by other genes of BBS are believed to be located on the
basal body or region, playing roles on recruitment of BBSome [38]. INPP5E encodes a
72 kDa phosphatase localized in the axoneme of primary cilia and plays a crucial role in
regulating the PI3K signaling pathway within cilia [40]. Megf8 is now believed to take
part in forming a membrane-tethered ubiquitin complex that can fine-tune the strength of
Hedgehog (Hh) signaling [41].
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opathies, grouped by systems and organs [8,13–17,19–30,38,42,43]. 

Figure 1. The structure of primary cilia and the localization of proteins of obesity-related ciliopathies.

1.2.2. Clinical Presentations, Diagnosis, and Treatment

There are similarities as well as differences in the clinical presentations between
obesity-related ciliopathies due to the different roles of cilia-related genes in various organs.
Table 1 categorizes and lists the confirmed clinical phenotypes of five obesity-related
ciliopathies, grouped by systems and organs [8,13–17,19–30,38,42,43].
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Apart from the above three systems, the clinical manifestations presented in different
obesity-related ciliopathy are different. In the musculoskeletal system, polydactyly is
typical for BBS [8,14,23,24,38], while spinal abnormalities, such as scoliosis and kyphosis,
are common in ALMS [13,19–22,42]. The symptoms vary a lot in CRPT [15,25–29].

Patients with BBS, ALMS, and CRPT exhibit urinary system abnormalities, with spe-
cific differences observed among these conditions [8,13–15,19–29,38,42,44]. Chronic kidney
disease is a dominant feature in BBS and could lead to increased morbidity and premature
death [45]. The symptom in other diseases is much less severe in comparison with that
in BBS [24,45]. Vesicoureteral reflux and nephritis could be observed in patients with
ALMS [20], while patients with CRPT usually have hydronephrosis or pyelonephritis [8,26].
In the cardiovascular system, cardiomyopathy is common in ALMS while being rare in
other diseases [8,19]. Patients with CRPT are more likely to have congenital heart defects,
such as tetralogy of Fallot, patent ductus arteriosus, and atrial septal defect [8]. Abnor-
malities in the digestive and respiratory systems are usually in BBS and ALMS. Abnormal
liver function is common, while non-alcoholic fatty liver disease shows higher incidence
in patients with ALMS and BBS. They also exhibit issues related to recurrent respiratory
infections [19,23,24]. No abnormalities in these systems were identified in patients with
CRPT and MORMS [8,15,16,25–30].

The diagnosis of obesity-related ciliopathies primarily consists of two parts: clinical
diagnosis and molecular diagnosis [19,24]. There are specific criterial for diagnosis for
patients with ALMS and BBS. For example, the diagnosis of BBS can be confirmed if a
patient meets four out of six major clinical symptoms or three major symptoms plus two
secondary criteria [46]. The clinical diagnosis is made based on the clinical findings (signs
and symptoms), medical history, and family history. Genetic sequencing is a powerful
tool to confirm a molecular diagnosis. Other strategies, such as PCR and hybridization-
based tests, can also be employed, particularly for cascade testing or in populations where
there are recurrent hotspot mutations. The number of patients with CRPT, MORMS, and
MOSPGF is relatively small, and research on clinical and molecular diagnosis is limited.
However, the diagnostic strategy is similar to that for ALMS and BBS.

Currently, symptomatic treatment remains the primary approach for managing obesity-
related ciliopathies [47]. For the obesity seen in ALMS and BBS, the MC4R agonist set-
melanotide [48] and GLP-1 receptor agonists (GLP-1 RAs) [49] are promising therapeutic
options. Notably, the U.S. FDA approved setmelanotide for the chronic management of
weight in adults and pediatric patients aged 6 and older with deficiencies in POMC, LEPR,
or PCSK1 in 2020 [50]. In June 2022, the indication for setmelanotide was expanded to
include patients with BBS [51]. However, the variability in treatment response among
patients requires further research to better understand the underlying mechanisms. These
new drug targets also have the potential to serve as biomarkers for monitoring treatment
efficacy and prognosis.

1.2.3. Characteristics of Obesity

The characteristics of obesity associated with the five ciliopathies are summarized in
Table 2. The Table describes the age of onset, prevalence, BMI, and common comorbidities
associated with obesity for each condition [14,16,17,19,24,26,28,30]. The onset age and
prevalence of obesity vary among the ciliopathies, with BBS, ALMS, and MOSPGF showing
early onset obesity [17,19,24], while MORMS typically manifests obesity when patients
grow older (5 to 15 years) [16]. The prevalence of obesity is high in ALMS, MOSPGF (91%),
and BBS (89%) [17,19,24]. The features of obesity also differ, with central obesity in BBS
and truncal obesity in MORMS, whereas MOSPGF is characterized by morbid obesity with
BMI > 40.0 kg/m2 [17]. CRPT is notable for high birth weight and obesity present at birth,
with a prevalence of 90%, but specific onset range and BMI are not reported [26,28].
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Table 2. Obesity features between BBS, ALMS, CRPT, MORMS, and MOSPGF.

Diseases Gene Age of Onset
Range Incidence BMI Common Co-Morbidities Comment

BBS [14,24]
BBS1-22, IFT74,

SCLT1,
SCAPER, NPHP

Birth—3 years 89% 35.7 ± 8.0 kg/m2

Retinal cone–rod dystrophy,
postaxial polydactyly,
cognitive impairment,

hypogonadism and
genitourinary abnormalities,

kidney disease

Central obesity;
birth weight

typically normal.

ALMS [19] ALMS1 Birth—5 years 70–98% NM

Cone–rod dystrophy,
progressive sensorineural
hearing loss, short stature,
hypogonadism (central or

primary), progressive renal
disease, insulin

resistance/type 2
diabetes mellitus

Birth weight
typically normal;
hyperphagia and
excessive weight

gain begin during
the first years,

resulting in
childhood obesity.

CRPT [26,28] MEGF8, RAB23 NM 90% NM Craniosynostosis,
polydactyly, cardiac defects

High birth weight
and obesity

were prevalent.

MORMS [16,30] INPP5E 5–15 years NM NM
Impaired intellectual
development, retinal

dystrophy, micropenis
Truncal obesity

MOSPGF [17] CEP19 Birth—3 years 91% >40.0 kg/m2
Spermatogenic failure,
hypertension, type 2

diabetes mellitus
Morbid obesity

BBS, Bardet–Biedl syndrome; ALMS, Alström syndrome; CRPT, Carpenter syndrome; MORMS, mental retardation,
truncal obesity, retinal dystrophy, and micropenis syndrome; MOSPGF, morbid obesity and spermatogenic failure;
BMI, body mass index; NM, not mentioned.

1.2.4. Mechanism of Obesity

Obesity in the human body is actually the result of an imbalance between energy intake
and energy expenditure (Figure 2). Most cells, including neurons and glial cells throughout
the central nervous system, possess primary cilia. The hypothalamus is especially critical
for the regulation of energy homeostasis. The agouti-related protein (AgRP) neurons and
the pro-opiomelanocortin (POMC) neurons in the arcuate nucleus of the hypothalamic
tuberal region positively and negatively regulate feeding behavior, respectively [52]. They
are also regulated by the periphery, mainly by insulin secreted by the pancreas, leptin
secreted by adipocytes, ghrelin secreted by stomach, and cholecystokinin secreted by small
intestine. MC4R neurons in the paraventricular nucleus, as their downstream neurons,
directly participate in the regulation of energy metabolism [52].

The mechanisms associated with ciliary dysfunction and obesity in these syndromes are
complex and only partially understood. It is currently believed that obesity in these diseases
is associated through the leptin–melanocortin pathway influencing the hypothalamus [7].
Defect function of cilia in these diseases probably affects signaling between neurons/glial
cells in this pathway while the causative mechanisms vary in different diseases. Obesity of
BBS is caused by defects in the neurological control of the appetite, although it is unclear
whether defective leptin signaling [53] or signaling by anorexigenic GPCR neuropeptide Y
family receptors is the primary cause [54]. Similar to the situation in BBS, an increase in
energy intake was observed both in human and mice with ALMS [55]. The percentage of
ciliated hypothalamic neurons is significantly reduced in Alms1 mutant mice [56]. Apart
from that, a significant reduction in energy expenditure also accounts for the process of obe-
sity, though the specific mechanism is still unknown [55]. The obesity in CRPT may result
from damaged Hh signaling or RAB23 itself potentially regulating adipogenesis [28,29].
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2. Advance of Biomarkers

Due to rarity of patients with obesity-related ciliopathies, the progress in identifying
related biomarkers is based predominantly on ALMS and BBS studies [6]. These two syn-
dromes have been the focus of more extensive research, leading to a better understanding of
their underlying mechanisms and potential biomarkers for diagnosis, variability in clinical
presentation, progress, and prognosis and treatment.

2.1. Diagnosis and Differential Diagnosis

The diagnosis of obesity-related ciliopathies primarily involves two components:
clinical diagnosis and molecular diagnosis [19,24]. For ALMS and BBS, clinical diagnosis
is mainly based on characteristic clinical features, while molecular diagnosis, through
genetic testing, is considered the gold standard for definitive diagnosis [19,24]. With the
advancement of gene sequencing technologies, next-generation sequencing (NGS) has
become the primary method for diagnosing monogenic diseases, including obesity-related
ciliopathies [57]. These diseases are autosomal recessive disorders, meaning that the
diagnosis can be confirmed by detecting two pathogenic variants in the associated genes.
However, there are clinical scenarios where the diagnosis may be challenging. In some
cases, patients may exhibit high clinical suspicion for a ciliopathy, while the result of genetic
testing may be negative, or only one pathogenic variant is detected, which is insufficient to
confirm a diagnosis [58].

Gene functional studies can provide new evidence for the ACMG classification of
gene variants. Chen et al. [59] conducted a study on patients with a clinical suspicion of
ALMS who carried one pathogenic variant and one variant of uncertain significance (VUS).
They performed ALMS1 protein expression staining on skin fibroblasts and discovered
that ALMS1 expression at the centrosome was severely impaired. This finding provided
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evidence to prove the pathogenicity of the missense variant of ALMS1 and confirmed the
diagnosis of ALMS. In contrast, for patients carrying only VUS, staining results indicated
that ALMS1 expression was not impaired, excluding the diagnosis of ALMS; however,
further genetic testing confirmed the diagnosis of BBS. Thus, this study suggests that
ALMS1 expression detection could be a promising differential diagnostic marker for ALMS.

2.2. Variability in Clinical Presentation, Progress, and Prognosis

Obesity-related ciliopathies exhibit highly complex and variable clinical manifestations.
As genetic disorders, genotype–phenotype analyses can partly explain the variability in
clinical presentations, disease progression, and prognosis.

2.2.1. Genotype–Phenotype Correlation

The clinical manifestations of obesity-related ciliopathies are highly complex, with the
same disease potentially caused by different genes. The clinical presentation of BBS can
vary depending on the specific gene involved. In a meta-analysis by Niederlova et al. [38],
differences in clinical symptoms caused by various BBS genes were compared (Table 3).
Patients with BBS3 mutations tend to have fewer clinical symptoms. Retinal dystrophy is
usually milder in patients with BBS1 gene mutations while being severe in patients with
BBS2, BBS3, and BBS4 Mutations. Patients with BBS2 mutations have a higher incidence of
polydactyly, and BBS10 gene mutations are linked to more pronounced obesity and insulin
resistance [38].

Table 3. Genotype–phenotype correlation in ALMS and BBS.

Genotype Distinguishing Clinical Features/Comments

ALMS1 variants in exon 16 [60] Early onset (before one year old) of retinal degeneration, urinary system dysfunction,
dilated cardiomyopathy, and diabetes

ALMS1 variants in exon 8 [60] Milder symptoms or later onset of kidney disease

ALMS1
truncated around exon 10 [22] A higher prevalence of liver dysfunction and experience worse disease progression

ALMS1
c.7911dupC [61] Severe cardiomyopathy

BBS1 [38] Relatively less “syndromic” penetrance of renal anomalies

BBS2 [38] Relatively more “syndromic” penetrance of renal anomalies “Leanest” of
obesity phenotype

BBS3 [38]
(ARL6) Lowest “syndromic” penetrance of cognitive impairment and renal anomalies

BBS4 [38] Low penetrance of renal anomalies Early-onset morbid obesity

BBS5 [38] Relatively more “syndromic”

BBS6 [38]
(MKKS) More likely to have CHD and genitourinary malformations

BBS7 [38] Relatively more “syndromic” penetrance of renal anomalies

BBS8 [38]
(TTC8) Relatively less “syndromic” penetrance of renal anomalies

BBS9 [38] High penetrance of renal anomalies

BBS10 [38] Most severe renal impairment Significant adiposity

BBS12 [38] Significant adiposity

BBS21 [38] (C8rorf37) High penetrance of polydactyly
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Unlike BBS, which is associated with many genes, ALMS is a monogenic disease.
However, the ALMS1 gene is very large, and different mutation sites within this gene
can result in varying severity, progression, and prognosis of clinical manifestations [58].
Patients with variants in exon 16 usually present with early onset (before one-year old) of
retinal degeneration, urinary system dysfunction, dilated cardiomyopathy, and diabetes,
while those with variants in exon 8 are prone to have milder symptoms or later onset of
kidney disease [60]. A recent meta-analysis conducted by Brais Bea-Mascato et al. [22]
revealed important insights into the genotype–phenotype, based on data from 227 ALMS
patients. Patients with the longest allele of the ALMS1 gene truncated around exon 10 (E10)
exhibit a higher prevalence of liver dysfunction and experience worse disease progression.
However, no significant differences in the prevalence of dilated cardiomyopathy (DCM),
hypertrophic cardiomyopathy (HCM), and type 2 diabetes mellitus (T2DM) are observed
among patients grouped by longevity of allele. Savas et al. found that the c.7911dupC (p.
Asn2638Glnfs*24) mutation can be related to severe cardiomyopathy in ALMS [61].

2.2.2. Other Biomarkers from Multi-Omics Data

Additionally, advances in multi-omics data have also made great contributions to the
discovery of new biomarkers (Table 4).

Fatty liver is a common issue in these diseases and can progress to liver fibrosis in
advanced stages. This condition is related to obesity but may also be linked to pathogenic
genes. ALMS is currently considered a classic model for non-alcoholic fatty liver disease
(NAFLD) [62].

For monitoring fatty liver disease, liver biopsy is considered as the gold standard.
However, there is a limit of widespread use in clinic considering its invasiveness and
complexity. Non-invasive indexes, such as the alanine aminotransferase (ALT)/aspartate
aminotransferase (AST) ratio, the AST-to-platelet ratio index (APRI), and the Fibrosis-4
Index (FIB-4) could predict liver fibrosis in liver disease to some extent [63,64]. Recently,
imaging methods, such as transient elastography (TE), FibroScan, and shear-wave elas-
tography (SWE), have advanced. Silvia et al. [62] found that SWE plays an important
predictive role in the progression of fatty liver to fibrosis in patients with ALMS.

Cardiomyopathy is another significant clinical manifestation of ALMS. It can be
identified and monitored using biomarkers, such as NT-proBNP, high-sensitivity troponin,
and T-wave inversion on a 12-lead electrocardiogram [65]. However, Nicola et al. [66]
suggested that evidence for using NT-proBNP to monitor cardiomyopathy in ALMS may
be insufficient. They thought that extracellular volume (ECV) expansion might be a more
robust predictor of adverse cardiovascular outcomes. Additionally, they also proposed that
elevated triglycerides could be used as a potential marker for cardiac fibrosis, but more
prospective studies are needed to validate this.

Agnieszka et al. [67] conducted a study to detect and analyze microRNA (miRNA)
expression in the serum of patients with ALMS, BBS, obese controls, and normal controls.
They found that miR-301a-3p expression was significantly reduced in both ALMS and
BBS patients. Meanwhile, miR-92b-3p expression was decreased in ALMS but increased
in BBS. Additionally, they identified eight miRNAs (miR-30a-5p, miR-92b-3p, miR-99a-
5p, miR-122-5p, miR-192-5p, miR-193a-5p, miR-199a-3p, and miR-205-5p) that showed
significant correlations with clinical parameters, including lipid profiles, serum creatinine,
cystatin C, fasting glucose, insulin, C-peptide levels, HbA1c values, and insulin resistance
(HOMA-IR). These findings suggest that miRNAs could serve as valuable biomarkers of
disease progression in patients with ALMS and BBS syndromes. However, further research
is needed to validate these results and to fully understand the potential of miRNAs as
biomarkers for these conditions.

Krzysztof et al. [68] conducted a non-targeted metabolomics analysis on patients with
ALMS, BBS, obese controls, and normal controls. They found that metabolic changes
in ALMS/BBS patients were similar to those observed in non-syndrome obesity, such
as the higher levels of acylcarnitines, and tetrahydroaldosterone-3-glucuronide, which
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have been correlated with insulin resistance and hypertension, respectively, in numerous
studies [69–71]. They also found that ALMS/BBS patients were characterized by elevated
levels of oxidized phosphatidylcholines (PCs), which are recognized as markers of ox-
idative stress. These diseases exhibit clinical manifestations that often progress with age.
Through further age-related analysis, they further found that lipids, primarily lysophos-
phatidylethanolamines (LPE), are major markers of disease progression. Interestingly, only
one metabolite, long-chain fatty acid (FA 26:1; O2), showed a negative correlation with age
in ALMS and BBS patients, while it correlated positively in the other groups, suggesting it
may have a unique indicative biomarker role [67].

In another study, Krzysztof et al. conducted serum bone metabolism marker testing on
patients with ALMS and BBS. They found serum osteocalcin (OC) and urinary deoxypyridi-
noline (DPD) levels were negatively correlated with the HOMA-IR index. Additionally,
serum receptor activator of nuclear factor kappa-B ligand (s-RANKL) levels were negatively
correlated with fasting blood glucose concentrations [72].

Fibrotic changes have been reported in multiple organs in ALMS. Merlin et al. [73]
analyzed miRNA expression on peripheral lymphocytes from six ALMS patients and found
that fibrosis-related miR-324-5p was upregulated by 2.1-fold in ALMS males. Additionally,
passenger strand members of the same mature miRNA category (miR-27a vs. miR-27a
star), along with other miRNAs previously reported to be associated with fibrosis (miR-27a,
miR-27b, miR-29b, and miR-25), showed disturbances. These findings suggest that miRNAs
could potentially serve as biomarkers for fibrosis in ALMS.

Chronic kidney disease (CKD) is the most common cause of death among BBS patients,
with significant variability in severity. Early identification and intervention are crucial
for managing CKD in these patients [24]. Magnetic resonance diffusion tensor imaging
(DTI) can be used to assess the microstructural integrity of the kidneys. Compared to the
control group, BBS patients exhibited lower cortical fractional anisotropy (FA) and axial
diffusivity, and higher mean diffusivity and radial diffusivity in the kidneys [74]. The
urine protein profile of BBS patients can provide information on the risk and predictive
factors for adverse renal outcomes and urinary markers of renal insufficiency. Notably,
the abundance of urinary fibronectin (u-FN), CD44 antigen, and lysosomal α-glucosidase
significantly correlated with glomerular filtration rate [75]. By comparing the urinary
metabolomics of BBS patients and control subjects, they discovered that the excretion of
several monocarboxylates, including lactate, was increased in the early and late stages of
CKD [76]. Emanuela et al. conducted a targeted serum metabolomics study comparing
BBS patients to control subjects. They found that renal insufficiency in BBS patients was
associated with abnormal levels of plasma phosphatidylcholines and acylcarnitines. Miriam
et al. assessed the renal function of 54 BBS patients. They discovered that maximum urine
osmolality (max-Uosm) was correlated with the annual decline in estimated glomerular
filtration rate (∆eGFR), suggesting that a defect in urine concentration may predict disease
progression [77].

Table 4. Other biomarkers from multi-omics data.

Clinical Features Correlation Detection Biomarkers/Specific
Methods Comment References

Fatty liver

Imaging analysis SWE, TE

SWE plays an important
predictive role in the

progression of fatty liver
to fibrosis in patients

with ALMS

Silvia et al. [62]

Metabolomics ALT/AST ratio,
APRI, FIB-4

Predicts liver fibrosis in
liver disease to

some extent

Guangqin et al. [63],
Erin et al. [64]
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Table 4. Cont.

Clinical Features Correlation Detection Biomarkers/Specific
Methods Comment References

Cardiomyopathy

Imaging analysis ECV

ECV expansion might be
a more robust predictor

of adverse
cardiovascular outcomes

Nicola et al. [66]

Metabolomics

NT-proBNP,
high-sensitivity

troponin, elevated
triglycerides

Elevated triglycerides are
proposed as a potential

marker for
cardiac fibrosis

Ashwin et al. [65],
Nicola et al. [66]

Kidney Proteomics
u-FN, CD44 antigen,

lysosomal
α-glucosidase

u-FN, CD44 antigen, and
lysosomal α-glucosidase
significantly correlated

with glomerular
filtration rate

Marianna et al. [75]

Fibrosis MiRNA sequencing

miRNAs
(miR-324-5p,

miR-27a, miR-27b,
miR-29b, and

miR-25)

MiRNAs could
potentially serve as

biomarkers for fibrosis in
ALMS

Merlin et al. [73]

Obesity and related
metabolic syndromes

MiRNA sequencing

miRNAs
(miR-30a-5p,
miR-92b-3p,
miR-99a-5p,
miR-122-5p,
miR-192-5p,

miR-193a-5p,
miR-199a-3p, and

miR-205-5p)

MiR-301a-3p expression
was significantly reduced

in both ALMS and BBS
patients; miR-92b-3p

expression was decreased
in ALMS but increased in
BBS; miRNAs could serve
as valuable biomarkers of

disease progression in
patients with ALMS

and BBS

Agnieszka et al. [67]

Metabolomics

Non-targeted
metabolomics

analysis

PC, LPE, long-chain
fatty acid (FA 26:1;
O2), acylcarnitines,

tetrahydroaldosterone-
3-glucuronide

LPEs are major markers
of disease progression;

only long-chain fatty acid
(FA 26:1; O2) showed a

negative correlation with
age in ALMS and

BBS patients

Krzysztof et al. [68]

Serum bone
metabolism

marker testing
OC, DPD, s-RANKL

OC and DPD levels were
negatively correlated

with the HOMA-IR index
Krzysztof et al. [72]

SWE, shear-wave elastography; TE, transient elastography; ECV, extracellular volume; ALMS, Alström syndrome;
BBS, Bardet–Biedl syndrome; ALT, alanine aminotransferase; AST, aspartate aminotransferase; APRI, AST-
to-platelet ratio index; FIB-4, Fibrosis-4 Index; miRNA, microRNA; PC, oxidized phosphatidylcholine; LPE,
lysophosphatidylethanolamines; OC, osteocalcin; DPD, deoxypyridinoline; HOMA-IR, Homeostasis Model
Assessment of Insulin Resistance; s-RANKL, serum receptor activator of nuclear factor kappa-B ligand; u-FN,
urinary fibronectin.

3. Discussion

Primary cilia, present in most mature human cells, play crucial roles in various organ
systems, and defects in cilia can lead to widespread clinical manifestations. Obesity-related
ciliopathies constitute a small part of ciliopathies; however, they provide important clues
to the study of the relationship between primary cilia and obesity in humans.

However, obesity-related ciliopathies are very rare, making the discovery of biomark-
ers much more difficult than other diseases. Regarding the importance of biomarkers in
diagnosis, monitoring, and follow-up of these diseases, there is an urgent need for relevant
biomarker studies and relevant reviews. Therefore, this paper focuses on the topic of
biomarkers for obesity-related ciliopathies and reviews the advances of biomarkers in the
clinical presentation, diagnosis, and prognosis of these diseases.

For a long time, the underlying causes of these diseases remained unknown, leading
to unclear or delayed diagnoses for many patients. The development of genetic diagnostic
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technologies, especially NGS, has provided solutions, enabling accurate diagnosis [78]. Trio
exome sequencing would be a great option considering the autosomal recessive inheritance
pattern. Proband-only medical exome sequencing is considered as a more cost-effective test,
especially in China [79], and WES has also proved to be a useful and cost-effective tool in
diagnosing ciliopathy [80]. Some countries prefer using targeted gene panels, which focus
on a specific set of genes known to be associated with ciliopathies [81]. However, the high
cost of genetic testing is a significant barrier to widespread implementation, particularly
in remote and low-income areas. The disparity in access to genetic testing in China may
contribute to the uneven geographic distribution of ALMS diagnosed cases, with patients
in remote and impoverished regions being less likely to receive a diagnosis [42]. RNA
sequencing [82] and multiplex PCR [83] could be an optional diagnostic technique for
complicated heterogeneous ciliopathies. For physicians with limited literature information
of these disease, identifying pathogenic mutations with WES is a promising tool to provide
clues to diagnose, although it could lead to overuse and the waste of resources.

For a subset of patients with unclear diagnoses, protein functional studies offer a path-
way to resolve uncertainties, thereby providing additional evidence for the classification of
variants. This approach not only improves diagnostic rates but also potentially provides
new insights into disease severity assessment. Chen et al. [59] conducted immunofluores-
cence staining for ALMS1 protein expression on skin fibroblasts from 16 ALMS patients.
They found that patients with significant ALMS1 expression fluorescence exhibited later
onset and milder vision impairments.

The development of multi-omics technologies and analytical methods, including
metabolomics, proteomics, imaging analysis, and miRNA sequencing, provide new possi-
bilities for discovering novel biomarkers in these diseases. However, these advancements
are still largely focused on explaining the variability in clinical manifestations. Additionally,
the majority of research concentrated on AS and BBS, with limited data available for other
obesity-related ciliopathies. There is currently a lack of biomarkers that can effectively
indicate treatment efficacy. Up to now, only the genotype–phenotype correlation result is
powerful enough to be used in clinical practice. For the biomarkers identified from multi-
omics data, more evidence should be provided in the future to confirm the correlation and
to validate their effectiveness and accuracy in clinical use.

A significant challenge in discovering biomarkers for obesity-related ciliopathies
is the limited number of patients, which restricts the statistical power for identifying
genotype–phenotype correlations and other omics biomarkers. For example, due to the
limited number of patients, Krzysztof et al. did not separately conduct non-targeted
metabolomics analysis for BBS and ALMS, which is a noted limitation [68].

Understanding these diseases is not only beneficial for the diagnosis and treatment of
the disease itself, but also for the discovery of the role of cilia-related genes in obesity, which
is expected to lead to the discovery of new therapeutic targets for obesity. For instance,
ALMS1 is considered a biomarker for the diagnosis and prognosis of acute myocardial
infarction (AMI) [84], with specific variants, such as G/A variant (rs674804) and glutamic
acid repeat polymorphism, being markers for early-onset myocardial infarction [85,86].
Furthermore, Edwige et al. [87] identified a crucial protein–protein interaction between
ALMS1 and protein kinase C-α (PKCα), which could be a new pharmacological class
for treating IR and its numerous comorbidities, such as type 2 diabetes and CVD, in
large populations.

4. Conclusions

Obesity-related ciliopathy is rare. Identifying the pathogenic gene with genetic se-
quencing is the main method to diagnose these diseases, making it a dominant biomarker.
Genotype–phenotype correlation could also explain some variability in clinical presentation.
Biomarkers identified with multi-omics are restricted to ALMS and BBS patients. There is
currently a lack of biomarkers that can effectively indicate treatment efficacy.

35



Int. J. Mol. Sci. 2024, 25, 8484

5. Future Directions

More cost-effective and convenient genetic testing is crucial for enhancing the early
diagnosis and management of obesity-related ciliopathies.

It is crucial to conduct international multi-center studies, pooling patient resources
to carry out comprehensive analyses and particularly conducting lipidomics analysis in
ALMS [68] and genotype–phenotype analyses focusing on different pathogenic variants
within the same BBS gene.

Building on these efforts, integrating multi-omics data with longitudinal cohort studies
is essential. Prospective studies that follow patients over time can provide valuable insights
into the progression of diseases, prognosis, and treatment efficacy. By combining genomic,
transcriptomic, proteomic, and metabolomic data, researchers can uncover new biomarkers
and better understand their roles in disease mechanisms.
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GWAS Genome-wide association studies
ADCY3 Adenylate cyclase 3
MC4R Melanocortin 4 Receptor
GLP-1 Glucagon-like Peptide-1
BBS Bardet–Biedl syndrome
ALMS Alström syndrome
CRPT Carpenter syndrome
MORMS Mental retardation, truncal obesity, retinal dystrophy, and micropenis syndrome
MOSPGF Morbid obesity and spermatogenic failure
JBTS Joubert syndrome
HGMD Human Gene Mutation Database
IFT Intraflagellar transport
Shh Sonic Hedgehog
Hh Hedgehog
BMI Body mass index
AgRP Agouti-related protein
POMC Pro-opiomelanocortin
NGS Next-generation sequencing
ACMG American College of Medical Genetics and Genomics
VUS Variant of uncertain significance
DCM Dilated cardiomyopathy
HCM Hypertrophic cardiomyopathy
T2DM Type 2 diabetes mellitus
NAFLD Non-alcoholic fatty liver disease
ALT Alanine aminotransferase
AST Aspartate aminotransferase
APRI AST-to-platelet ratio index
FIB-4 Fibrosis-4 Index
TE Transient elastography
SWE Shear-wave elastography
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NT-proBNP N-terminal pro-brain natriuretic peptide
ECV Extracellular volume
miRNA MicroRNA
HOMA-IR Homeostasis Model Assessment of Insulin Resistance
HbA1c Glycated Hemoglobin A1c
PC Phosphatidylcholine
LPE Lysophosphatidylethanolamine
FA Fatty acid
OC Osteocalcin
DPD Deoxypyridinoline
s-RANKL Serum receptor activator of nuclear factor kappa-B ligand
CKD Chronic kidney disease
DTI Diffusion tensor imaging
u-FN Urinary fibronectin
GFR Glomerular filtration rate
max-Uosm Maximum urine osmolality
∆eGFR Estimated glomerular filtration rate
WES Whole-exome sequencing
PCR Polymerase chain reaction
AMI Acute myocardial infarction
CCK Cholecystokinin
ARC Arcuate nucleus
PVN Paraventricular nucleus

References
1. Wallmeier, J.; Nielsen, K.G.; Kuehni, C.E.; Lucas, J.S.; Leigh, M.W.; Zariwala, M.A.; Omran, H. Motile ciliopathies. Nat. Rev. Dis.

Primers 2020, 6, 77. [CrossRef] [PubMed]
2. Wang, L.; Wen, X.; Wang, Z.; Lin, Z.; Li, C.; Zhou, H.; Yu, H.; Li, Y.; Cheng, Y.; Chen, Y.; et al. Ciliary transition zone proteins

coordinate ciliary protein composition and ectosome shedding. Nat. Commun. 2022, 13, 3997. [CrossRef] [PubMed]
3. Hong, Y.; Ullah, R.; Wang, J.B.; Fu, J.F. Trends of obesity and overweight among children and adolescents in China. World J.

Pediatr. 2023, 19, 1115–1126. [CrossRef] [PubMed]
4. World Obesity Atlas 2023. Available online: https://www.worldobesityday.org/assets/downloads/ (accessed on 31 July 2024).
5. Siljee, J.E.; Wang, Y.; Bernard, A.A.; Ersoy, B.A.; Zhang, S.; Marley, A.; Von Zastrow, M.; Reiter, J.F.; Vaisse, C. Subcellular

localization of MC4R with ADCY3 at neuronal primary cilia underlies a common pathway for genetic predisposition to obesity.
Nat. Genet. 2018, 50, 180–185. [CrossRef] [PubMed]

6. Vaisse, C.; Reiter, J.F.; Berbari, N.F. Cilia and Obesity. Cold Spring Harb. Perspect. Biol. 2017, 9, a028217. [CrossRef] [PubMed]
7. Engle, S.E.; Bansal, R.; Antonellis, P.J.; Berbari, N.F. Cilia signaling and obesity. Semin. Cell Dev. Biol. 2021, 110, 43–50. [CrossRef]

[PubMed]
8. Lovera, M.; Lüders, J. The ciliary impact of nonciliary gene mutations. Trends Cell Biol. 2021, 31, 876–887. [CrossRef] [PubMed]
9. Reiter, J.F.; Leroux, M.R. Genes and molecular pathways underpinning ciliopathies. Nat. Rev. Mol. Cell Biol. 2017, 18, 533–547.

[CrossRef] [PubMed]
10. Hildebrandt, F.; Benzing, T.; Katsanis, N. Ciliopathies. N. Engl. J. Med. 2011, 364, 1533–1543. [CrossRef]
11. Tobin, J.L.; Beales, P.L. The nonmotile ciliopathies. Genet. Med. 2009, 11, 386–402. [CrossRef]
12. Legendre, M.; Zaragosi, L.-E.; Mitchison, H.M. Motile cilia and airway disease. Semin. Cell Dev. Biol. 2021, 110, 19–33. [CrossRef]

[PubMed]
13. Marshall, J.D.; Beck, S.; Maffei, P.; Naggert, J.K. Alström Syndrome. Eur. J. Hum. Genet. 2007, 15, 1193–1202. [CrossRef] [PubMed]
14. Forsythe, E.; Beales, P.L. Bardet-Biedl syndrome. Eur. J. Hum. Genet. 2013, 21, 8–13. [CrossRef] [PubMed]
15. Twigg, S.R.F.; Lloyd, D.; Jenkins, D.; Elçioglu, N.E.; Cooper, C.D.O.; Al-Sannaa, N.; Annagür, A.; Gillessen-Kaesbach, G.;

Hüning, I.; Knight, S.J.L.; et al. Mutations in multidomain protein MEGF8 identify a Carpenter syndrome subtype associated
with defective lateralization. Am. J. Hum. Genet. 2012, 91, 897–905. [CrossRef] [PubMed]

16. Hampshire, D.J.; Ayub, M.; Springell, K.; Roberts, E.; Jafri, H.; Rashid, Y.; Bond, J.; Riley, J.H.; Woods, C.G. MORM syndrome
(mental retardation, truncal obesity, retinal dystrophy and micropenis), a new autosomal recessive disorder, links to 9q34. Eur. J.
Hum. Genet. 2006, 14, 543–548. [CrossRef] [PubMed]

17. Shalata, A.; Ramirez, M.C.; Desnick, R.J.; Priedigkeit, N.; Buettner, C.; Lindtner, C.; Mahroum, M.; Abdul-Ghani, M.; Dong, F.;
Arar, N.; et al. Morbid obesity resulting from inactivation of the ciliary protein CEP19 in humans and mice. Am. J. Hum. Genet.
2013, 93, 1061–1071. [CrossRef] [PubMed]

18. Katsanis, N.; Ansley, S.J.; Badano, J.L.; Eichers, E.R.; Lewis, R.A.; Hoskins, B.E.; Scambler, P.J.; Davidson, W.S.; Beales, P.L.;
Lupski, J.R. Triallelic inheritance in Bardet-Biedl syndrome, a Mendelian recessive disorder. Science 2001, 293, 2256–2259.
[CrossRef] [PubMed]

37



Int. J. Mol. Sci. 2024, 25, 8484

19. Paisey, R.B.; Steeds, R.; Barrett, T.; Williams, D.; Geberhiwot, T.; Gunay-Aygun, M. Alström Syndrome. In GeneReviews®;
Adam, M.P., Feldman, J., Mirzaa, G.M., Pagon, R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Amemiya, A., Eds.; University
of Washington: Seattle, WA, USA, 1993. Available online: http://www.ncbi.nlm.nih.gov/books/NBK1267/ (accessed on
25 April 2024).

20. Marshall, J.D.; Maffei, P.; Collin, G.B.; Naggert, J.K. Alström Syndrome: Genetics and Clinical Overview. Curr. Genom. 2011, 12,
225–235. [CrossRef]

21. Marshall, J.D.; Bronson, R.T.; Collin, G.B.; Nordstrom, A.D.; Maffei, P.; Paisey, R.B.; Carey, C.; MacDermott, S.; Russell-Eggitt, I.;
Shea, S.E.; et al. New Alström Syndrome Phenotypes Based on the Evaluation of 182 Cases. Arch. Intern. Med. 2005, 165, 675–683.
[CrossRef]

22. Bea-Mascato, B.; Valverde, D. Genotype–phenotype associations in Alström syndrome: A systematic review and meta-analysis.
J. Med. Genet. 2024, 61, 18–26. [CrossRef]

23. Melluso, A.; Secondulfo, F.; Capolongo, G.; Capasso, G.; Zacchia, M. Bardet-Biedl Syndrome: Current Perspectives and Clinical
Outlook. Ther. Clin. Risk Manag. 2023, 19, 115–132. [CrossRef] [PubMed]

24. Forsyth, R.; Gunay-Aygun, M. Bardet-Biedl Syndrome Overview. In GeneReviews®; Adam, M.P., Feldman, J., Mirzaa, G.M.,
Pagon, R.A., Wallace, S.E., Bean, L.J.H., Gripp, K.W., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA, 1993.
Available online: http://www.ncbi.nlm.nih.gov/books/NBK1363/ (accessed on 27 April 2024).

25. Bouaré, F.; Noureldine, M.H.A.; Hajhouji, F.; Ghannane, H.; Jallo, G.I.; Benali, S.A. Complex craniosynostosis in the context of
Carpenter’s syndrome. Childs Nerv. Syst. ChNS Off. J. Int. Soc. Pediatr. Neurosurg. 2022, 38, 831–835. [CrossRef] [PubMed]

26. Hidestrand, P.; Vasconez, H.; Cottrill, C. Carpenter syndrome. J. Craniofac. Surg. 2009, 20, 254–256. [CrossRef] [PubMed]
27. Temtamy, S.A. Carpenter’s syndrome: Acrocephalopolysyndactyly. An autosomal recessive syndrome. J. Pediatr. 1966, 69,

111–120. [CrossRef] [PubMed]
28. Jenkins, D.; Seelow, D.; Jehee, F.S.; Perlyn, C.A.; Alonso, L.G.; Bueno, D.F.; Donnai, D.; Josifova, D.; Mathijssen, I.M.J.;

Morton, J.E.V.; et al. RAB23 Mutations in Carpenter Syndrome Imply an Unexpected Role for Hedgehog Signaling in Cranial-
Suture Development and Obesity. Am. J. Hum. Genet. 2007, 80, 1162–1170. [CrossRef] [PubMed]

29. Khairat, R.; Elhossini, R.; Sobreira, N.; Wohler, E.; Otaify, G.; Mohamed, A.M.; Raouf, E.R.A.; Sayed, I.; Aglan, M.; Ismail, S.; et al.
Expansion of the phenotypic and mutational spectrum of Carpenter syndrome. Eur. J. Med. Genet. 2022, 65, 104377. [CrossRef]

30. Jacoby, M.; Cox, J.J.; Gayral, S.; Hampshire, D.J.; Ayub, M.; Blockmans, M.; Pernot, E.; Kisseleva, M.V.; Compère, P.;
Schiffmann, S.N.; et al. INPP5E mutations cause primary cilium signaling defects, ciliary instability and ciliopathies in human
and mouse. Nat. Genet. 2009, 41, 1027–1031. [CrossRef] [PubMed]

31. Drole Torkar, A.; Avbelj Stefanija, M.; Bertok, S.; Podkrajšek, K.T.; Debeljak, M.; Kranjc, B.S.; Battelino, T.; Kotnik, P. Novel Insights
Into Monogenic Obesity Syndrome Due to INPP5E Gene Variant: A Case Report of a Female Patient. Front. Endocrinol. 2021, 12,
581134. [CrossRef]

32. Thomas, S.; Cantagrel, V.; Mariani, L.; Serre, V.; Lee, J.-E.; Elkhartoufi, N.; de Lonlay, P.; Desguerre, I.; Munnich, A.; Boddaert, N.;
et al. Identification of a novel ARL13B variant in a Joubert syndrome-affected patient with retinal impairment and obesity. Eur. J.
Hum. Genet. 2015, 23, 621–627. [CrossRef]

33. Hearn, T.; Spalluto, C.; Phillips, V.J.; Renforth, G.L.; Copin, N.; Hanley, N.A.; Wilson, D.I. Subcellular localization of ALMS1
supports involvement of centrosome and basal body dysfunction in the pathogenesis of obesity, insulin resistance, and type 2
diabetes. Diabetes 2005, 54, 1581–1587. [CrossRef]

34. The CEP19-RABL2 GTPase Complex Binds IFT-B to Initiate Intraflagellar Transport at the Ciliary Base—PubMed. Available
online: https://pubmed.ncbi.nlm.nih.gov/28625565/ (accessed on 29 June 2024).

35. Gerondopoulos, A.; Strutt, H.; Stevenson, N.L.; Sobajima, T.; Levine, T.P.; Stephens, D.J.; Strutt, D.; Barr, F.A. Planar Cell Polarity
Effector Proteins Inturned and Fuzzy Form a Rab23 GEF Complex. Curr. Biol. 2019, 29, 3323–3330.e8. [CrossRef] [PubMed]

36. Bardet-Biedl Syndrome: Genetics, Molecular Pathophysiology, and Disease Management—PubMed. Available online: https:
//pubmed.ncbi.nlm.nih.gov/27853007/ (accessed on 21 July 2024).

37. Gupta, N.; D’Acierno, M.; Zona, E.; Capasso, G.; Zacchia, M. Bardet–Biedl syndrome: The pleiotropic role of the chaperonin-like
BBS6, 10, and 12. Proteins 2022, 190, 9–19. [CrossRef] [PubMed]

38. Niederlova, V.; Modrak, M.; Tsyklauri, O.; Huranova, M.; Stepanek, O. Meta-analysis of genotype-phenotype associations in
Bardet-Biedl syndrome uncovers differences among causative genes. Hum. Mutat. 2019, 40, 2068–2087. [CrossRef] [PubMed]

39. Ferent, J.; Constable, S.; Gigante, E.D.; Yam, P.T.; Mariani, L.E.; Legué, E.; Liem, K.F., Jr.; Caspary, T.; Charron, F. The Ciliary
Protein Arl13b Functions Outside of the Primary Cilium in Shh-Mediated Axon Guidance. Cell Rep. 2019, 29, 3356–3366.e3.
[CrossRef] [PubMed]

40. Whiting, K.R.; Haer-Wigman, L.; Florijn, R.J.; van Beek, R.; Oud, M.M.; Plomp, A.S.; Boon, C.J.F.; Kroes, H.Y.; Roepman, R.
Utilization of automated cilia analysis to characterize novel INPP5E variants in patients with non-syndromic retinitis pigmentosa.
Eur. J. Hum. Genet. 2024. [CrossRef] [PubMed]

41. Kopinke, D.; Norris, A.M.; Mukhopadhyay, S. Developmental and regenerative paradigms of cilia regulated hedgehog signaling.
Semin. Cell Dev. Biol. 2021, 110, 89–103. [CrossRef] [PubMed]

42. Zhang, Q.; Ding, Y.; Feng, B.; Tang, Y.; Chen, Y.; Wang, Y.; Chang, G.; Liu, S.; Wang, J.; Li, Q.; et al. Molecular and Phenotypic
Expansion of Alström Syndrome in Chinese Patients. Front. Genet. 2022, 13, 808919. [CrossRef]

38



Int. J. Mol. Sci. 2024, 25, 8484

43. Mujahid, S.; Hunt, K.F.; Cheah, Y.S.; Forsythe, E.; Hazlehurst, J.M.; Sparks, K.; Mohammed, S.; Tomlinson, J.W.; Amiel, S.A.;
Carroll, P.V.; et al. The Endocrine and Metabolic Characteristics of a Large Bardet-Biedl Syndrome Clinic Population. J. Clin.
Endocrinol. Metab. 2018, 103, 1834–1841. [CrossRef] [PubMed]

44. Yang, H.W. The characterization and comorbidities of heterozygous Bardet-Biedl syndrome carriers. Int. J. Med. Sci. 2024, 21,
784–794. [CrossRef]

45. Meyer, J.R.; Krentz, A.D.; Berg, R.L.; Richardson, J.G.; Pomeroy, J.; Hebbring, S.J.; Haws, R.M. Kidney failure in Bardet–Biedl
syndrome. Clin. Genet. 2022, 101, 429–441. [CrossRef]

46. Forsythe, E.; Kenny, J.; Bacchelli, C.; Beales, P.L. Managing Bardet-Biedl Syndrome-Now and in the Future. Front. Pediatr. 2018,
6, 23. [CrossRef] [PubMed]

47. Faccioli, N.; Poitou, C.; Clément, K.; Dubern, B. Current Treatments for Patients with Genetic Obesity. J. Clin. Res. Pediatr.
Endocrinol. 2023, 15, 108–119. [CrossRef] [PubMed]

48. Haws, R.M.; Gordon, G.; Han, J.C.; Yanovski, J.A.; Yuan, G.; Stewart, M.W. The efficacy and safety of setmelanotide in individuals
with Bardet-Biedl syndrome or Alström syndrome: Phase 3 trial design. Contemp. Clin. Trials Commun. 2021, 22, 100780.
[CrossRef] [PubMed]

49. Ali, S.; Baig, S.; Wanninayake, S.; da Silva Xavier, G.; Dawson, C.; Paisey, R.; Geberhiwot, T. Glucagon-like peptide-1 analogues in
monogenic syndromic obesity: Real-world data from a large cohort of Alström syndrome patients. Diabetes Obes. Metab. 2024, 26,
989–996. [CrossRef] [PubMed]

50. Markham, A. Setmelanotide: First Approval. Drugs 2021, 81, 397–403. [CrossRef] [PubMed]
51. Trapp, C.M.; Censani, M. Setmelanotide: A promising advancement for pediatric patients with rare forms of genetic obesity. Curr.

Opin. Endocrinol. Diabetes Obes. 2023, 30, 136–140. [CrossRef]
52. Brüning, J.C.; Fenselau, H. Integrative neurocircuits that control metabolism and food intake. Science 2023, 381, eabl7398.

[CrossRef] [PubMed]
53. Liu, P.; Lechtreck, K.F. The Bardet-Biedl syndrome protein complex is an adapter expanding the cargo range of intraflagellar

transport trains for ciliary export. Proc. Natl. Acad. Sci. USA 2018, 115, E934–E943. [CrossRef] [PubMed]
54. Loktev, A.V.; Jackson, P.K. Neuropeptide Y family receptors traffic via the Bardet-Biedl syndrome pathway to signal in neuronal

primary cilia. Cell Rep. 2013, 5, 1316–1329. [CrossRef]
55. Stephenson, E.J.; Kinney, C.E.; Stayton, A.S.; Han, J.C. Energy expenditure deficits drive obesity in a mouse model of Alström

syndrome. Obesity 2023, 31, 2786–2798. [CrossRef]
56. Hearn, T. ALMS1 and Alström syndrome: A recessive form of metabolic, neurosensory and cardiac deficits. J. Mol. Med. 2019, 97,

1–17. [CrossRef] [PubMed]
57. Xuan, J.; Yu, Y.; Qing, T.; Guo, L.; Shi, L. Next-generation sequencing in the clinic: Promises and challenges. Cancer Lett. 2013, 340,

284–295. [CrossRef] [PubMed]
58. Marshall, J.D.; Muller, J.; Collin, G.B.; Milan, G.; Kingsmore, S.F.; Dinwiddie, D.; Farrow, E.G.; Miller, N.A.; Favaretto, F.;

Maffei, P.; et al. Alström Syndrome: Mutation spectrum of ALMS1. Hum. Mutat. 2015, 36, 660–668. [CrossRef] [PubMed]
59. Chen, J.H.; Geberhiwot, T.; Barrett, T.G.; Paisey, R.; Semple, R.K. Refining genotype-phenotype correlation in Alström syndrome

through study of primary human fibroblasts. Mol. Genet. Genomic. Med. 2017, 5, 390–404. [CrossRef] [PubMed]
60. Marshall, J.D.; Hinman, E.G.; Collin, G.B.; Beck, S.; Cerqueira, R.; Maffei, P.; Milan, G.; Zhang, W.; Wilson, D.I.; Hearn, T.; et al.

Spectrum of ALMS1 variants and evaluation of genotype-phenotype correlations in Alström syndrome. Hum. Mutat. 2007, 28,
1114–1123. [CrossRef] [PubMed]

61. Dedeoglu, S.; Dede, E.; Oztunc, F.; Gedikbasi, A.; Yesil, G.; Dedeoglu, R. Mutation identification and prediction for severe
cardiomyopathy in Alström syndrome, and review of the literature for cardiomyopathy. Orphanet. J. Rare Dis. 2022, 17, 359.
[CrossRef] [PubMed]

62. Bettini, S.; Bombonato, G.; Dassie, F.; Favaretto, F.; Piffer, L.; Bizzotto, P.; Busetto, L.; Chemello, L.; Senzolo, M.; Merkel, C.; et al.
Liver Fibrosis and Steatosis in Alström Syndrome: A Genetic Model for Metabolic Syndrome. Diagnostics 2021, 11, 797. [CrossRef]
[PubMed]

63. Xiao, G.; Zhu, S.; Xiao, X.; Yan, L.; Yang, J.; Wu, G. Comparison of laboratory tests, ultrasound, or magnetic resonance elastography
to detect fibrosis in patients with nonalcoholic fatty liver disease: A meta-analysis. Hepatology 2017, 66, 1486–1501. [CrossRef]

64. Cleveland, E.; Bandy, A.; VanWagner, L.B. Diagnostic challenges of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis.
Clin. Liver. Dis. 2018, 11, 98–104. [CrossRef]

65. Roy, A.; Patel, L.; Yuan, M.; O'Shea, C.; Alvior, A.M.B.; Charalambides, M.; Moxon, D.; Baig, S.; Bunting, K.V.; Gehmlich, K.; et al.
Defining the cardiovascular phenotype of adults with Alström syndrome. Int. J. Cardiol. 2024, 409, 132212. [CrossRef]

66. Edwards, N.C.; Moody, W.E.; Yuan, M.; Warfield, A.T.; Cramb, R.; Paisey, R.B.; Geberhiwot, T.; Steeds, R.P. Diffuse Left Ventricular
Interstitial Fibrosis Is Associated With Sub-Clinical Myocardial Dysfunction in Alström Syndrome: An Observational Study.
Orphanet J. Rare Dis. 2015, 10, 83. [CrossRef] [PubMed]

67. Zmyslowska, A.; Smyczynska, U.; Stanczak, M.; Jeziorny, K.; Szadkowska, A.; Fendler, W.; Borowiec, M. Association of circulating
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Abstract: Hemophilia, which is a rare disease, results from congenital deficiencies of coagulation
factors VIII and IX, respectively, leading to spontaneous bleeding into joints, resulting in hemophilic
arthropathy (HA). HA involves complex processes, including synovial proliferation, angiogenesis,
and tissue remodeling. Despite ongoing research, factors contributing to HA progression, espe-
cially in adults with severe HA experiencing joint pain, remain unclear. Blood markers, particularly
collagen-related ones, have been explored to assess joint health in hemophilia. For example, markers
like CTX-I and CTX-II reflect bone and cartilage turnover, respectively. Studies indicate elevated levels
of certain markers post-bleeding episodes, suggesting joint health changes. However, longitudinal
studies on collagen turnover and basement membrane or endothelial cell markers in relation to joint
outcomes, particularly during painful episodes, are scarce. Given the role of the CX3CL1/CX3XR1
axis in arthritis, other studies investigate its involvement in HA. The importance of different inflam-
matory and bone damage biomarkers should be assessed, alongside articular cartilage and synovial
membrane morphology, aiming to enhance understanding of hemophilic arthropathy progression.

Keywords: hemophilic arthropathy; biomarkers in hemophilic arthropathy; joint lesions in hemophilia

1. Introduction

Hemophilia is an X-linked, inherited coagulation disorder characterized by deficiencies
in specific plasma glycoproteins that are crucial for blood clotting. The disorder manifests
in two primary forms: hemophilia A, caused by reduced levels of coagulation factor VIII
(FVIII), and hemophilia B (also known as Christmas disease), caused by reduced levels
of coagulation factor IX (FIX) [1]. These deficiencies impede the blood clotting process,
leading to a propensity for prolonged bleeding.

One of the most common and severe complications associated with hemophilia is
hemarthrosis, which refers to bleeding into the joints. This condition is particularly preva-
lent in individuals with hemophilia [2]. It is estimated that hemarthrosis accounts for
70–80% of all bleeding episodes in patients with hemophilia [3]. Repeated joint bleeds can
lead to chronic pain, inflammation, and long-term joint damage, significantly impacting the
quality of life for those affected. Managing hemarthrosis often requires a combination of
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prophylactic treatment with clotting factor concentrates, physical therapy, and sometimes
surgical intervention to mitigate joint damage and maintain mobility [4].

The syndrome of joint manifestations that occurs in the course of hemophilia is known
as hemophilic arthropathy (HA). Research indicates that around 90% of patients with severe
hemophilia A (defined as having FVIII levels below 0.01 IU/mL in serum) experience joint
bleeding by the age of 4.4 years. This early onset of joint bleeding significantly contributes
to the development of HA, which is characterized by chronic joint pain, swelling, and
reduced mobility.

Despite the availability of effective prophylactic factor replacement therapy (FRT) in
many parts of the world, including highly developed countries [3], advanced and fully
developed HA remains a significant global health issue. Prophylactic FRT involves the
regular infusion of clotting factor concentrates to prevent bleeding episodes and protect
joint health. However, the progression of HA can still occur, especially in severe cases
of hemophilia, due to the development of inhibitors. These inhibitors are antibodies
that neutralize the infused clotting factors (anti-FVIII/FIX), rendering the treatment less
effective or even ineffective.

The management of HA requires a multifaceted approach. In addition to FRT, patients
may benefit from physical therapy to maintain joint function and mobility. In cases where
inhibitors are present, immune tolerance induction (ITI) therapy may be used to reduce
inhibitor levels. Advanced cases of HA might also necessitate orthopedic interventions,
such as synovectomy or joint replacement surgery, to alleviate pain and improve joint
function [5].

Globally, efforts are ongoing to improve access to comprehensive hemophilia care,
including prophylactic FRT and multidisciplinary management strategies, to reduce the
incidence and severity of HA and enhance the quality of life for patients with hemophilia.

Our current understanding of the factors contributing to the progression of HA re-
mains incomplete. It is particularly noteworthy that adults with hemophilia, especially
those with advanced HA, frequently experience episodes of joint pain. These episodes
can occur with or without accompanying joint bleeding, adding complexity to the condi-
tion. The precise impact of these pain episodes on the molecular mechanisms driving the
progression of HA is not yet fully understood.

Research is ongoing to elucidate the underlying mechanisms that cause joint damage
in hemophilia. The interaction between recurrent bleeding and subsequent inflammation is
believed to play a crucial role in the deterioration of joint health. Inflammation resulting
from bleeding episodes leads to synovial hypertrophy, cartilage degradation, and bone
erosion, all of which contribute to the development and progression of HA.

Moreover, the role of subclinical bleeds—minor bleeding episodes that do not cause no-
ticeable symptoms—remains a significant area of investigation. These bleeds can contribute
to joint damage over time, even in the absence of acute pain or swelling. Understanding
how these subclinical events influence the molecular pathways involved in HA is critical
for developing more effective treatment strategies [6].

There is also interest in the potential genetic and environmental factors that may
influence the severity and progression of HA. Differences in genetic makeup may affect
an individual’s susceptibility to joint damage and response to treatment. Environmental
factors, such as physical activity levels and access to comprehensive hemophilia care, also
play a role in the disease’s trajectory.

To address these gaps in knowledge, researchers are employing advanced imaging
techniques, molecular biology, and clinical studies to gain a deeper understanding of HA.
The goal is to identify biomarkers that can predict disease progression and to develop
targeted therapies that can prevent or mitigate joint damage more effectively. As our
understanding of HA improves, it holds the promise of better management and improved
outcomes for individuals living with hemophilia [7].

Regular prophylactic intravenous infusion of factor VIII is the standard treatment for
individuals with severe hemophilia A. However, due to the relatively short half-life of
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factor VIII, more than two infusions per week are required to maintain protective trough
levels. This regimen places a significant treatment burden on patients and can result in
inadequate care for those who struggle to adhere to it. Even with regular prophylaxis, both
clinical and subclinical bleeding events may still occur. Therefore, treatments with greater
efficacy and reduced burden are needed.

Emicizumab (Hemlibra, F. Hoffmann–La Roche) is a recombinant, humanized, bispe-
cific monoclonal antibody that bridges activated factor IX and factor X to compensate for
the missing activated factor VIII, thereby restoring hemostasis. Its efficacy has been demon-
strated in individuals with hemophilia A who have developed neutralizing anti-factor VIII
alloantibodies (inhibitors), and it is administered once a week. Therefore, administering
emicizumab once weekly or every two weeks resulted in significantly lower bleeding rates
compared to no prophylaxis. In an intraindividual comparison, once-weekly emicizumab
prophylaxis was associated with a significantly reduced bleeding rate compared to previous
factor VIII prophylaxis [8].

2. Literature Search

We conducted systematic research in order to identify the key biomarkers associated
with hemophilia arthropathy and to elucidate the pathogenesis of this condition.

To achieve this, we performed a systematic search on PubMed to gather relevant
studies concerning biomarkers in hemophilic arthropathy. We used specific keywords such
as “hemophilic arthropathy”, “hemophilia”, “biomarkers in hemophilia”, and “biomarkers
in hemophilic arthropathy”.

Our search strategy was designed to include a broad range of studies to ensure
comprehensive coverage of the topic. We set the following inclusion criteria: studies must
have been published in English to ensure accurate interpretation and analysis; studies
must have involved human subjects to ensure clinical relevance. Single-case reports were
excluded to focus on studies with broader applicability and robust data.

Through this methodical approach, we aimed to compile a comprehensive and accu-
rate overview of the current understanding of hemophilic arthropathy and its biomarkers.
Our review not only highlights the most critical biomarkers but also discusses their poten-
tial roles in the pathogenesis and progression of the disease. Additionally, we explore how
these biomarkers can be used in clinical practice to improve the diagnosis, monitoring, and
treatment of hemophilic arthropathy.

By synthesizing findings from multiple studies, our review provides valuable insights
into the molecular mechanisms underlying hemophilic arthropathy and offers a foundation
for future research aimed at developing targeted therapies and improving patient outcomes.

3. Pathophysiology

The pathophysiology of blood-induced joint disease, such as HA, remains not fully
understood. Some evidence suggests that the pathobiology of HA may be similar to that of
rheumatoid arthritis (RA), as both conditions feature chronic proliferative synovitis and
cartilage destruction. Additionally, the presence of metalloprotease enzymes, inflammatory
cells, and inflammatory cytokines (such as interleukin-1 (IL-1) and tumor necrosis factor
alpha (TNF-α)) has been observed in the synovium of both HA and RA.

However, a key difference between these diseases lies in the origin of inflammation:
RA is driven by autoimmunity, while HA is triggered by blood-induced injury. In HA,
synovial iron deposition resulting from blood in the joint is considered a primary factor
in initiating and sustaining the inflammatory response and cell proliferation within the
synovial membrane. Synovial macrophages responding to blood injury promote the
inflammatory pathway of hemarthrosis and HA.

Despite these similarities, these factors alone do not fully explain the pathophysiology
of HA. For instance, in hemochromatosis—a different arthropathy characterized by synovial
iron deposition—significant synovial hyperplasia is not observed, although inflammatory
cells and joint destruction can occur.
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The distinguishing factor in HA is the presence of blood in the joint, directly contacting
the synovial membrane and particularly affecting fibroblast-like synoviocytes (FLS), the
unique resident cells in joints. This direct interaction between blood and the synovial
membrane is pivotal in HA’s pathology, setting it apart from other forms of arthritis.

The presence of extravasated blood directly within the joint triggers an inflammatory
response, initiating a sequence of immunopathological processes [6]. Within this blood are
numerous active morphotic elements, including granulocytes, monocytes, and lymphocytes,
which actively secrete inflammatory mediators [8].

Over time, macrophages and cells of the synovial membrane gradually absorb the
blood and its associated metabolites. However, with recurrent episodes of hemarthrosis,
the efficiency of immune cells and the synovial membrane in removing these metabolites
diminishes. Consequently, toxic blood components such as iron (Fe2+) and hemosiderin
accumulate within the synovial membrane cells.

This accumulation sets off a chain of pathological events, including degeneration of
the articular cartilage and subchondral bone, proliferation of fibroblasts, and the formation
of new blood vessels (angiogenesis). These processes collectively lead to hypertrophy of
the synovial membrane [8–10].

The combined data on the pathophysiology of hemarthrosis (HA) and related arthritis
suggest a clear link between the degeneration of joint tissues in the musculoskeletal system
and a persistent, chronic inflammatory state [6]. This interconnectedness underscores the
complex nature of joint diseases where ongoing inflammation plays a central role in tissue
damage and dysfunction [11] (Table 1).

Table 1. This table summarizes the distinct aspects of HA.

Aspect Hemophilic Arthropathy (HA)

Basic Pathophysiology Chronic proliferative synovitis and
cartilage destruction

Synovial Characteristics
Presence of metalloprotease enzymes,

inflammatory cells, and cytokines
(IL-1, TNF-α)

Origin of Inflammation Triggered by blood-induced injury

Role of Synovial Iron Deposition Primary factor initiating and sustaining
inflammation and cell proliferation

Impact on Synovial Macrophages Promotes inflammatory pathways of
hemarthrosis and HA

Unique Pathological Features
Direct interaction of blood with synovial

membrane and fibroblast-like
synoviocytes (FLS)

Challenges in
Understanding Pathophysiology

Incomplete understanding; complexities
beyond iron deposition

Consequence of Blood Presence in Joint Triggers inflammatory response; secretion of
inflammatory mediators

Long-term Effects on Joint Tissues
Degeneration of articular cartilage,

subchondral bone; synovial
membrane hypertrophy

Persistent Inflammatory State Interconnected with joint tissue degeneration

4. Chemokines and Cytokines

While certain cytokines have been implicated in the development of synovitis in
hemophilic arthropathy, drawing parallels with rheumatoid arthritis (RA), studies demon-
strating their precise functional role in the disease’s pathogenic cascade remain limited [12].
Initially described as a degenerative rather than inflammatory joint disorder, recent research
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suggests that hemophilic arthropathy shares similarities with both the degenerative joint
damage seen in osteoarthritis (OA) and the chronic inflammatory processes of RA [13].

The extensive array of mediators implicated in HA pathogenesis includes cytokines,
chemokines, and their associated receptors and signaling pathways. In a study conducted
by Wojdasiewicz et al. on 40 patients, it was proven that the CX3CL1/CX3CR1 signaling
axis plays a role in the development of degenerative joint lesions in patients with HA. They
found a statistically significant increase in the average concentration of CX3CL1 in the
serum of patients with HA compared to patients with osteoarthritis (OA). However, no
statistically significant difference in CX3CL1 concentration was observed in other biofluids,
such as synovial fluid, between patients with HA and patients with OA, despite a higher
mean level in patients with HA. Immunohistochemical and histological analyses revealed
CX3CR1 overexpression in the synovial membrane of patients with HA and OA, with no
significant differences noted in articular cartilage slices between groups. However, there
was an observable tendency towards increased extracellular matrix staining, although
without significant intergroup differences. These findings suggested that inflammatory
and degenerative processes mediated by CX3CR1 activation exhibit similar intensity in
the synovial membrane of affected joints in both patient groups. Nonetheless, patients
with HA demonstrated more pronounced activity of synovial membrane cells in CX3CL1
production and a systemic tendency towards higher serum concentrations compared to
patients with OA. The similar level of CX3CR1 expression in synovial membrane slices
between patients with HA and patients with OA may have reflected comparable clinical
stages of joint disease development and the implementation of effective management
strategies, including regular FRT administration and appropriate care programs aimed at
minimizing hemarthrosis and joint-related exacerbations [14].

The “inflammasome”, a critical regulator of pro-inflammatory interleukin (IL)-1β
maturation and secretion, has garnered attention in joint pathology [15]. Iron also plays a
pivotal role by inducing the expression of several pro-inflammatory cytokines, including
IL-1α, IL-6, and tumor necrosis factor (TNF)-α. Additionally, iron appears to contribute
to the initiation of synovial pannus growth by disrupting the expression of key genes
such as c-myc and mdm2, which govern synoviocyte proliferation. Synovitis, charac-
terized by synovial tissue inflammation, involves hypertrophy, inflammatory cell migra-
tion, and substantial neo-angiogenesis. IL-1α, IL-6, IL-1β, and TNF-α activate mono-
cytes/macrophages, initiating a catabolic response that includes the production of nitric
oxide (NO), matrix metalloproteinases (MMPs), tissue plasminogen activator, and other
matrix components [16–18]. These factors, in turn, influence T cells, fibroblasts, and os-
teoclasts through various inflammatory mediators, ultimately leading to degradation of
articular cartilage and subchondral bone.

Mignot et al. proved that the cytokine expression profile analyzed using ELISPOT
between HA-FLS and non-HA-FLS, both activated or not by LPS, appears to align with the
inflammatory theory. Specifically, cytokines associated with innate immunity showed no-
table differences in expression between non-HA and HA-FLS. Additionally, HA-FLS were
observed to be involved in processes related to bone remodeling and iron recycling, under-
scoring the pivotal role of FLS in hemophilic arthropathy pathophysiology. Interestingly,
they observed that HA-FLS and RA-FLS did not secrete IL-1α following LPS treatment,
whereas IL-1α was detected in supernatants from non-HA-FLS, THP-1 cell lines, and HR-
FLS. The reasons for this paradoxical down-regulation of IL-1α in LPS-induced HA-FLS
and RA-FLS remain unknown, despite the established role of IL-1β in the pathogenesis of
HA [11,19].

TNF-α plays a significant role in inflammation in hemophilic arthropathy (HA), as
highlighted in recent research focusing on the iRhom2/ADAM17/TNF-α pathway. It is
also recognized as a crucial mediator of proliferative synovitis in hemophilia A.

In contrast to TNF-α and IL-1α, Mignot et al. observed elevated levels of IL-6 ex-
pression after LPS treatment in HA-FLS, consistent with previous findings suggesting
the therapeutic potential of targeting IL-6 in HA. Interestingly, the cytokine profile of
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LPS-induced HA-FLS closely correlated with the potential post-transcriptional control of
30 selected miRNAs. Following LPS activation, HA-FLS up-regulated cytokines associated
with macrophage polarization (also influenced by miR-1246) and modulated the TH17
pathway (miR-10b-5p), which is implicated in conditions like ankylosing spondylitis. Addi-
tionally, many of the other miRNAs may directly or indirectly affect inflammatory cytokine
expression through pathways such as NFκB, PI3K, or JAK/STAT (notably miR-146 and
miR-196b-5p, which exhibited the highest expression ratios) [20].

IL-1 triggers the activation of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) transcription factor, along with other factors like c-Jun N-terminal kinase (JNK)
and p38 mitogen-activated protein kinases (p38MAPK). This cascade results in increased
expression of various genes responsible for synthesizing enzymes, adhesion molecules, and
inflammatory mediators such as cytokines and chemokines [4]. This mechanism parallels
the role of NFκB in the development of synovitis and cartilage degeneration observed
in osteoarthritis (OA) and rheumatoid arthritis (RA) [6]. Consistently underscoring the
involvement of IL-1β in hemophilic arthropathy (HA) pathophysiology, several studies
have documented significantly elevated IL-1β levels in histological sections of synovial
membranes obtained during synovectomy or joint replacement from patients with HA
compared to non-hemophilic individuals [3,4,11].

Furthermore, IL-1β can enhance transferrin-bound iron uptake by type B synoviocytes,
leading to hemosiderin deposition and autocrine IL-1β secretion, thereby contributing to
the development of chronic synovitis [21].

TNFα, a member of the tumor necrosis factor superfamily, plays a critical role in the
pathophysiology of hemophilic arthropathy (HA). It induces catabolic processes in synovial
joints and directly regulates intra-articular levels of FVIIIa, thereby modulating thrombo-
modulin (TM) expression [22]. Specifically, TNFα inhibits the synthesis of proteoglycans
and collagen type II (COL2) by chondrocytes. It also promotes the expression of metallo-
proteases (MMP-1, MMP-3, MMP-13, and ADAMTS4), which play pivotal roles in joint
catabolism [4,22]. Moreover, TNFα increases the risk of recurrent bleeding. It substantially
reduces TM synthesis by synoviocytes, leading to elevated TM levels in synovial fluid due
to neutrophil and cytokine activity on synovial cells. Recent studies indicate higher TM
levels in patients with HA (56 ± 25 ng/mL) compared to healthy controls (39 ± 21 ng/mL).
Normally, TM binds thrombin in a 1:1 ratio, activating protein C (PC), which inhibits coag-
ulation by degrading factors FVa and FVIIIa [23,24]. This interplay between inflammatory
mediators and hemostasis components helps explain persistent hemorrhagic processes
despite FVIII replacement therapies.

Thus, IL-1β and TNFα, by triggering and exacerbating inflammatory damage and its
consequences on joints, are pivotal in the pathophysiology of HA. Additionally, recent find-
ings indicate elevated expression of the TNFα/TNF receptor (TNF-R) system in synovial
tissue. Activation of this system may serve as a critical mediator of synovial proliferation,
presenting a potential novel target for therapeutic intervention [25].

Moreover, a recent study demonstrated that similar to osteoarthritis (OA) and rheuma-
toid arthritis (RA), patients with hemophilic arthropathy (HA) exhibit increased levels of
progranulin (PGRN), a molecule known for its protective role against the catabolic effects of
TNFα [26]. This finding suggests potential future investigations into its role as a biomarker
for monitoring disease activity (Table 2).

These cytokines and chemokines play diverse roles in the pathogenesis of HA, reflect-
ing overlapping and unique mechanisms compared to RA and OA. Their dysregulation
contributes to joint inflammation, cartilage degradation, and bone resorption, highlighting
potential targets for therapeutic interventions specific to HA.
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Table 2. Key cytokines and their roles in hemophilic arthropathy (HA).

Cytokine/Chemokine Role in HA

TNFα Induces catabolic processes in joints; regulates FVIIIa
and TM expression (22)

IL-1β Triggers NF-κB activation; enhances synovitis and
cartilage degradation (4)

IL-6 Associated with macrophage polarization; implicated in
inflammatory responses (11)

CX3CL1 Role in degenerative joint lesions; systemic elevation in
patients with HA (4)

Progranulin (PGRN) Protective against TNFα catabolic effects; potential
biomarker (27)

5. Soluble Adhesion Molecules

Several studies have shown that circulating concentrations of soluble adhesion molecules
(CAMs), sE-selectin, and sP-selectin are elevated in conditions such as coronary artery disease,
myocardial infarction, atherosclerosis, or hypertension [27,28].

5.1. sVCAM-1 Levels

Among patients with hemophilia A, the sVCAM-1 levels did not differ significantly
between those with and without hypertension. This finding does not necessarily indicate
that sVCAM-1 levels are independent of hypertension, as the study only included three
patients with both hemophilia A and hypertension. Additionally, the influence of hyper-
tension on sVCAM-1 levels may be overshadowed by factors related to hemophilia A.
Previous studies have demonstrated that sVCAM-1 levels are significantly elevated in pa-
tients with hemodialysis, indicating chronic inflammation. Chronic hepatitis C virus (HCV)
infection, which is common among patients with hemodialysis, can also trigger chronic
inflammation. Levels of sICAM-1, sVCAM-1, and sE-selectin are higher in patients with
hemodialysis who are anti-HCV-positive [29–31]. HCV infection is also highly prevalent
in patients with hemophilia A. However, in this study, the sVCAM-1 levels among these
patients did not show significant differences when compared to healthy volunteers and
asymptomatic chronic hepatitis C carriers with minimal inflammatory activity. Notably,
sVCAM-1 levels only increased significantly during the advanced fibrosis stage of HCV
infection. This indicates that while HCV infection is common in hemophilia A patients,
its impact on sVCAM-1 levels is not pronounced until the infection progresses to a more
severe stage characterized by extensive liver fibrosis. Thus, monitoring sVCAM-1 levels
could potentially serve as an indicator of disease progression in HCV-infected individuals,
particularly in those with underlying conditions such as hemophilia A [32].

5.2. sICAM-1 Levels

Research has shown that soluble intercellular adhesion molecule-1 (sICAM-1), sE-
selectin, and sP-selectin levels are influenced by ABO blood group. To determine whether
the expression of these cell surface adhesion molecules is affected by ABO blood group, an
analysis was conducted on 27 patients with hemophilia A. The study found no significant
differences in the levels of sVCAM-1, sE-Selectin, or sP-selectin among different ABO blood
groups (p > 0.05). This result suggests that elevated sVCAM-1 levels in patients with
hemophilia and hemophilic arthropathy are independent of blood group. However, caution
is advised in interpreting these findings, as the patient sample may not be representative of
the general population [33].

5.3. Other Soluble Biomarkers

Hemarthrosis results in cartilage and bone degradation, inflammation, and angiogene-
sis in patients with hemophilia A. Research has explored the relationship between various
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soluble biomarkers and these pathological symptoms. The biomarkers studied include C-
terminal telopeptides of type I collagen, cartilage oligomeric matrix protein (COMP), tissue
inhibitor of metalloproteinases-1 (TIMP-1), matrix metalloproteinases-3 and -9 (MMP-3 and
MMP-9), vascular endothelial growth factor (VEGF), and chondroitin sulfate 846 epitope
(CS846). Despite extensive investigations, no strong correlations between these biomarkers
and MRI joint scores have been observed, except for a positive association between CS846
and MRI joint scores reported in the Oldenburg study [34].

Joint arthropathy in hemophilia A presents unique challenges because it is not a
systemic disease, unlike rheumatoid arthritis (RA) and osteoarthritis (OA). This localized
nature complicates the analysis of biomarkers, making it more intricate than in systemic
joint diseases.

6. Bone Turnover Markers

Hemophilic arthropathy was originally characterized as a degenerative joint disease
rather than an inflammatory one. An essential regulator of bone biology is the molecu-
lar triad consisting of osteoprotegerin (OPG), the receptor activator of nuclear factor κB
(RANK), and RANK ligand (RANKL). This triad governs local bone turnover and is pivotal
in triggering bone resorption induced by inflammation. RANKL, a transmembrane ligand,
is primarily expressed on osteoblasts and stromal cells within the bone microenvironment.
It is also produced by lymphocytes and synovial cells, contributing to osteoclastogenesis
through a mechanism enhanced by several cytokines, such as TNF-α, IL-1, and IL-17, which
collectively promote inflammation and bone resorption [6].

RANKL interacts with its receptor RANK, located on the surface of osteoclast pre-
cursors, leading to the differentiation and maturation of osteoclasts, which in turn fosters
bone resorption. In this regulatory system, OPG acts as a decoy receptor for RANKL,
competing with RANK for binding to RANKL. This competition effectively inhibits osteo-
clast differentiation, activity, and survival both in vivo and in vitro, thereby reducing bone
resorption [35].

In hemophiliacs, there is a notably high prevalence of osteoporosis, which is closely
linked to the severity of arthropathy and is further exacerbated by HIV infection. This con-
dition highlights a significant imbalance, where increased bone resorption is not adequately
compensated for by bone formation. Research suggests that the OPG/RANK/RANKL
triad could be a key regulator of bone remodeling in the synovial tissue of adult hemophil-
iacs. Decreased levels of OPG and strong expressions of RANK and RANKL have been
observed, indicating a shift towards enhanced bone resorption (Figure 1).

The severity of hemophilic arthropathy has been shown to correlate strongly with
instrumental findings such as the World Federation of Hemophilia (WFH) orthopedic
joint scale, Petterson scores, and ultrasound (US) evaluations. Molecular markers of bone
turnover in the synovial tissue of hemophiliacs clearly indicate osteoclastic activation,
which is not counterbalanced by OPG. Strong expressions of RANK and RANKL are found
in the synovium, regardless of the type of treatment, whereas the expression of OPG is
significantly reduced in patients with hemophilic arthropathy. This almost complete lack of
OPG expression implies that the balance of bone turnover is skewed towards osteoclastic
activity and consequently, bone resorption [36,37].
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Figure 1. Biomarkers in HA [38].

Moreover, in vitro evidence suggests that reduced thrombin production leads to de-
creased thrombin-induced PAR-1 mediated proliferation of osteoblasts. These collective
findings underscore the complexity of bone damage in hemophilic arthropathy, indicating
that it is a multifactorial process. This complexity necessitates a comprehensive approach
to understanding and treating bone damage in these patients, considering the intricate
interplay of various molecular pathways involved in bone resorption and formation [39]
(Table 3).

Table 3. Role of biomarkers in HA.

Markers Role in HA Details

Soluble Adhesion
Molecules sVCAM-1 Levels

- sVCAM-1 levels do not differ significantly between patients with
hemophilia A with or without hypertension.
- Previous studies show elevated sVCAM-1 in patients with
hemodialysis, especially with HCV.
- sVCAM-1 levels increase significantly only during advanced fibrosis
in patients infected with HCV, indicating potential as a marker for
disease progression.

sICAM-1 Levels
- ABO blood group does not significantly affect levels of sICAM-1,
sVCAM-1, sE-selectin, and sP-selectin in patients with hemophilia A.
- Elevated sVCAM-1 levels are independent of blood group.
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Table 3. Cont.

Markers Role in HA Details

Other Soluble
Biomarkers

- Various biomarkers studied (e.g., C-terminal telopeptides of type I
collagen, COMP, TIMP-1, MMP-3, MMP-9, VEGF, and CS846).
- No strong correlations with MRI joint scores, except a positive
association between CS846 and MRI joint scores in the Oldenburg study.
- Multifaceted biomarker approach recommended due to the localized
nature of joint arthropathy in hemophilia A.

Bone Turnover Markers OPG/RANK/RANKL
Triad

- The OPG/RANK/RANKL system is crucial in bone remodeling
and resorption.
- RANKL promotes osteoclastogenesis, leading to bone resorption.
- OPG acts as a decoy receptor, inhibiting osteoclast activity.
- In patients with hemophilia A, reduced OPG levels and a strong
RANK/RANKL expression shift the balance toward bone resorption,
contributing to osteoporosis and arthropathy.

Bone Resorption
in Hemophilia

- Patients with hemophilia A have a high prevalence of osteoporosis,
linked to arthropathy severity and exacerbated by HIV.
- A strong correlation between hemophilic arthropathy severity and
instrumental findings (WFH orthopedic joint scale, Petterson scores,
and US evaluations).
- Reduced thrombin production leads to decreased osteoblast
proliferation, contributing to the complexity of bone damage in
these patients.

Cytokine/Chemokine Role in HA

TNFα Induces catabolic processes in joints; regulates FVIIIa and TM expression.

IL-1β Triggers NF-κB activation; enhances synovitis and cartilage degradation.

IL-6 Associated with macrophage polarization; implicated in inflammatory responses.

CX3CL1 Role in degenerative joint lesions; systemic elevation in patients with HA.

Progranulin (PGRN) Protective against TNFα catabolic effects; potential biomarker.

7. Future Perspectives

The shift from episodic treatment to prophylaxis marked a significant advancement in
hemophilia care. The next goal should be to ensure long-term protection, as preventing
arthropathy relies on effectively preventing bleeding—something that current treatments
have not yet been able to consistently achieve. A key unmet need in the management and
monitoring of hemophilic arthropathy is the absence of serum and synovial biomarkers
to gauge disease activity. Identifying and validating such biomarkers would enhance
decision-making. Research on synovial tissue in patients with recent-onset RA has revealed
significant correlations between histological findings, transcriptomic profiles, and clini-
cal responses to treatments. Similarly, synovial biomarkers derived from transcriptomic
analysis could help identify predictors of therapeutic responses and potentially uncover
new targets for personalized management of hemophilic arthropathy. The increased use
of joint ultrasound (US) as a routine clinical examination in comprehensive care centers
is anticipated to streamline workflows, enable prompt diagnosis of acute hemarthrosis,
and enhance early treatment. Additionally, implementing point-of-care US in clinical prac-
tice and at the bedside should facilitate regular monitoring of arthropathy progression,
provided that US techniques are standardized [38,40,41].

7.1. The Importance of Physical Activity in HA Pathogenesis

Another key role is linked to the degree of physical activity and machine-controlled
motions. The health benefits of physical activity for the general population are also appli-
cable to individuals with hemophilia. Maintaining adequate muscle tone helps prevent
injuries and reduces the risk of joint bleeding. Physical exercise is particularly important
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for people with hemophilia as it enhances their quality of life. Numerous studies highlight
the significance of physical training for improving health, aligning with recommendations
from both the World Health Organization and the World Federation of Hemophilia. Specifi-
cally, video games used for rehabilitation (exergaming) have positively influenced patients’
attitudes towards exercise and have been shown to improve strength, coordination, and mo-
bility. Additionally, motion capture (MoCap) sensors are increasingly utilized in medicine
and physical therapy due to their availability and affordability compared to traditional
3D optical MoCap systems. The Kinect sensor, a popular MoCap option, has been success-
fully applied in various medical and rehabilitation contexts, including post-stroke limb
rehabilitation, elderly exercise monitoring and fall prevention, range-of-motion evaluation
in adhesive capsulitis, balance and postural control assessment and training, and virtual
gyms for individuals with limited mobility [42].

7.2. The Importance of Animal Models in HA Pathogenesis

Factor VIII (FVIII) is among the most immunogenic biologics, and the development of
inhibitors against FVIII poses a significant challenge to optimal care, leading to increased
patient morbidity and mortality. Understanding the mechanisms that predispose individu-
als to or drive FVIII immune responses is crucial for clinical management. Early reports
suggested that the α-CD20 monoclonal antibody rituximab could potentially eradicate
FVIII inhibitors, but subsequent studies showing modest efficacy with rituximab monother-
apy have tempered these expectations. This limited efficacy may be partly due to the
persistence of rituximab-resistant FVIII+ B cell subsets and the potential exacerbation of
autoimmune disease due to increased BAFF (B cell activating factor) levels following B cell
depletion. Doshi et al. indicate that a single dose of α-mBAFF monoclonal antibody in
naive hemophilia A (HA) mice prevents the development of inhibitors, even after immune
reconstitution. In mice with pre-existing inhibitors, combining α-mBAFF with α-mCD20
significantly reduces or eliminates FVIII inhibitors and maintains long-term suppression
of FVIII-specific plasma cells (PCs). Recent evidence points to marginal zone (MZ) B cells
as key mediators of the initial FVIII immune response, which can quickly differentiate
into short-lived antibody-secreting cells (ASCs). High-affinity antibodies generally arise
from germinal center (GC) reactions, where B cell receptor (BCR) rearrangement leads
to differentiation into PCs or memory B cells. Within GCs, T follicular helper (Tfh) cells
release BAFF to support the selection of high-affinity GC B cell clones. The substantial
reduction in inhibitor levels with preemptive α-mBAFF monoclonal antibody treatment
is likely due to MZ B cells’ reliance on BAFF for survival and differentiation. We propose
that these mice exhibit lower rates of GC B cell reactions and, consequently, fewer PCs and
memory B cells, which promotes tolerance to FVIII. Importantly, these mice still mount a
strong immune response to unrelated antigens, demonstrating the safety and specificity of
this approach. These findings, along with data from enzyme replacement therapy studies,
suggest that BAFF contributes to the immunogenicity of biotherapeutics. However, as
some HA mice still developed high-titer anti-FVIII antibodies, further research is needed
to determine if adjusting the dose or treatment duration could more effectively prevent
inhibitor development [43].

Type II collagen degradation, indicated by C2M levels, may serve as a predictive
marker for cartilage degradation and the development of arthropathy. In hemophilic
rats, joint bleeding on day 0 did not initially affect serum C2M levels, but a significant
increase was observed after a second bleed on day 14, which correlated with the severity of
arthropathy on histology [44]. Other collagen markers, such as serum C4M and P4NP7S,
significantly increased one day after the second joint bleed, while serum C3M levels
significantly decreased. Serum PRO-C5 and P3NP increased significantly one week after
both the first and second joint bleeds. In hemophilic mice, plasma C4M and PRO-C4 levels
also significantly rose two weeks after induced hemarthrosis. In dogs with experimentally
induced hemarthrosis, urinary CTX-II levels significantly increased from day two to seven
(by 75% to 155%), and serum COMP levels rose by 46% from baseline to day two [45]. The
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idea that joint bleeds can trigger a systemic pro-inflammatory state and that inflammatory
markers might be useful for detecting hemarthrosis was tested in hemophilic mice. It was
found that serum calprotectin, a marker of residual inflammation, was significantly higher
in mice with induced hemarthrosis at two and twelve weeks compared to control mice,
where calprotectin was undetectable [46].

8. Plasminogen Activation and MMP-Mediated Joint Destruction as a Likely
Mechanism for Joint Damage in HA

Although the existing literature supports the involvement of protease activation in the
pathophysiology of HA, further investigation in experimental and clinical settings is needed.
Nonetheless, several established characteristics of HA lend support to this hypothesis.
Bleeding into the joint results in an influx of hemosiderin, which catalyzes the production
of reactive oxygen species and triggers chondrocyte apoptosis. Type A synoviocytes absorb
hemosiderin and release proinflammatory cytokines, such as IL-1α, IL-6, and TNF-α,
creating a cytokine storm within the joint that exacerbates cartilage and bone damage. These
cytokines also promote the recruitment and activation of monocytes and macrophages,
which in turn stimulate the production of nitric oxide and proteases, including MMPs and
uPA. An imbalance in hemostasis, characterized by low tissue factor (TF) and high thrombin-
activatable fibrinolysis inhibitor (TAFI) levels, can lead to uncontrolled activity of uPA
and tPA. This influx of blood exposes the synovium to high levels of plasminogen, setting
the stage for uPA-mediated plasminogen activation and subsequent plasmin production.
Fibrin deposition is frequently seen in the cavities of inflamed joints, and as a cofactor for
tPA-mediated plasminogen activation, it facilitates substantial plasmin generation. Both
uPA and plasmin can cleave pro-MMPs to produce active MMPs [44].

9. Diagnostic Markers Used in HA

Different studies compared biochemical markers between patients with HA and
controls, focusing on serum COMP, VEGF, and bone markers like RANK-L and osteocalcin.
Serum COMP findings were mixed: two studies reported higher levels in patients with
HA, while one found lower levels. Cartilage and collagen markers also varied, with some
(C2M, CTX-II, C4M) elevated and others (ADAMTS5, Coll2-1, C3A, C3M, C5M) decreased
in hemophilia patients [47–49]. Most cartilage formation markers showed no difference
between patients with HA and controls, except serum PRO-C5, which was lower in patients
with hemophilia patients [50]. For bone metabolism, patients with HA had higher serum
parathormone and lower 25-OH vitamin D in two studies. Serum osteocalcin and sclerostin
levels showed conflicting results. Other markers, such as RANK-L, CTX-I, Dkk-1, and OPG,
also had inconsistent findings [51,52]. Acharya et al. found a significant fourfold increase in
plasma VEGF-A, SDF-1α, and MMP-9 levels in patients with hemophilia with joint disease.
Other studies reported elevated levels of plasma MMP-9, SDF-1α, soluble VCAM-1, and
several other markers in patients with hemophilia, though results for some markers were
inconsistent. Three studies on acute joint bleeding in hemophilia found increased levels
of serum D-dimer, ferritin, FDP, leukocytes, plasminogen, and VEGF, while plasma EGF,
CSF2, IL4/13, FGF2, and MIP-1α were lower. Osteopontin was significantly higher in
young patients with hemophilia with clinical synovitis [53,54].

10. Conclusions

In contrast to earlier views that depicted hemophilic arthropathy exclusively as a
degenerative condition, recent and comprehensive research has uncovered a more intricate
interplay of factors. These studies reveal that HA encompasses not only degenerative
changes but also a significant inflammatory component, with synovitis emerging as a
critical element in its pathophysiology.

This updated understanding of HA emphasizes that the condition is driven by a
combination of joint degeneration and inflammatory processes rather than being solely
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degenerative. Synovitis, or inflammation of the synovial membrane, has been identified as
a key player in the progression and severity of HA.

The recognition of these dual mechanisms opens up new avenues for therapeutic
intervention. Targeting both the degenerative and inflammatory aspects of HA could lead
to more effective treatment strategies.

Overall, this evolving perspective not only broadens the scope of potential therapeutic
targets for HA but also underscores the importance of advanced diagnostic tools like
imaging techniques in managing the condition more effectively. Currently, biomarkers
hold scientific interest, but they offer no practical benefits to patients. As of now, they do
not provide additional value. Our current understanding of biomarkers in hemophilia
contributes to the scientific knowledge of pathophysiology, but it still has to prove its clinical
relevance. Consequently, a multifaceted approach utilizing multiple biomarkers may
provide a more effective and precise method for assessing the severity of joint arthropathy
in patients with hemophilia A. By leveraging a panel of biomarkers, clinicians might better
capture the complex and localized processes of joint damage and inflammation, leading to
improved diagnostic and therapeutic strategies tailored to the specific needs of patients
with hemophilia A.
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Abstract: Currently, tandem mass spectrometry-based newborn screening (NBS), which examines
targeted biomarkers, is the first approach used for the early detection of maple syrup urine disease
(MSUD) in newborns, followed by confirmatory genetic mutation tests. However, these diagnos-
tic approaches have limitations, demanding the development of additional tools for the diagno-
sis/screening of MUSD. Recently, untargeted metabolomics has been used to explore metabolic profil-
ing and discover the potential biomarkers/pathways of inherited metabolic diseases. Thus, we aimed
to discover a distinctive metabolic profile and biomarkers/pathways for MSUD newborns using un-
targeted metabolomics. Herein, untargeted metabolomics was used to analyze dried blood spot (DBS)
samples from 22 MSUD and 22 healthy control newborns. Our data identified 210 altered endogenous
metabolites in MSUD newborns and new potential MSUD biomarkers, particularly L-alloisoleucine,
methionine, and lysoPI. In addition, the most impacted pathways in MSUD newborns were the
ascorbate and aldarate pathways and pentose and glucuronate interconversions, suggesting that
oxidative and detoxification events may occur in early life. Our approach leads to the identification
of new potential biomarkers/pathways that could be used for the early diagnosis/screening of
MSUD newborns but require further validation studies. Our untargeted metabolomics findings have
undoubtedly added new insights to our understanding of the pathogenicity of MSUD, which helps
us select the appropriate early treatments for better health outcomes.

Keywords: inborn errors of metabolism (IEMs); maple syrup urine disease (MSUD); genetic testing;
newborn screening alloisoleucine; methionine sulfoxide; LysoPI; untargeted metabolomics; liquid
chromatography high-resolution mass spectrometry

1. Introduction

Clinically, inborn errors of metabolism (IEMs) are a group of rare heterogeneous disor-
ders genetically transmitted through autosomal or X-linked recessive inheritance patterns.
These genetic disorders are associated with accumulations of intermediary metabolites,
with subsequent shortages of metabolic products, leading to pathological consequences
associated with various phenotypes [1,2]. Based on IEMbase, almost 1872 IEMs have been
identified, and more disorders are expected to be discovered (http://www.iembase.org/,
accessed on 2 December 2022) [3]. In particular, maple syrup urine disease (MSUD), known
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as an aminoacidopathy, is one of the categorized IEMs caused by a deficiency of the mito-
chondrial enzyme called the branched-chain ketoacid dehydrogenase (BCKD) complex,
resulting from mutations in the genes that encode complex BCKD subunits including
E1α, E1β, E2, and E3 [4]. According to the Human Gene Mutation Database, 259 genetic
mutations have been reported to cause MSUD (http://www.hgmd.cf.ac.uk/ac/index.php,
accessed on 1 October 2023). Imtiaz et al. reported, in 2017, 20 novel MSUD-related genetic
mutations in BCKDHA, BCKDHB, and DBT in Saudi patients [5]. Generally, MSUD patients
are classified into classic MSUD, accounting for 80% of the cases developed in newborns
after two days of birth, and milder variants of MSUD, i.e., intermediate and intermittent
cases, detected at older ages [6]. Phenotypically, MSUD patients vary in their symptoms
based on their disease type, as classical MSUD has the most severe symptoms, including
hypotonia, severe vomiting, seizures with encephalopathy, coma, and brain edema, while
the milder variants of MSUD have lesser degrees of these clinical symptoms [7,8]. Patho-
logically, MSUD patients are characterized by derangements at the phenotypic, genetic,
and metabolic levels. Briefly, MSUD-related genetic mutations lead to significant metabolic
alterations, specifically, elevations of branched-chain amino acids (BCAAs)—including
leucine, isoleucine, alloisoleucine, and valine—and branched-chain α-ketoacids (BCKAs)
in the body tissues and fluids of MSUD patients. These metabolic alterations may not be
seen in all types of MSUD [9]. However, among these metabolic alterations, alloisoleucine,
which is derived from isoleucine in vivo by transamination, is elevated in all MSUD patient
types and thus is used as a pathogenic marker for MSUD [10].

The global incidence of MSUD is estimated to be 1:185,000, affecting all ethnic pop-
ulations. In Saudi Arabia, the frequency of MSUD is not well known; however, based
on newborn screening (NBS), it is estimated to be 1:21,490 [5]. As expected, this preva-
lence is underestimated due to the possible existence of undiagnosed MSUD patients and
false-positive cases [11,12], which lead to high demands for treatments and interventions
that negatively affect the health system and cause financial burdens, encouraging the im-
provement of the accuracy of MSUD’s identification in early life. The early and confirmed
identification of MSUD during the neonatal period is achieved based on MSUD-related
clinical phenotypes and manifestations: elevations of BCAA and BCKA detected through
NBS and the detection of BCKD gene mutations via genetic testing. To further illustrate this,
NBS analyses of MSUD rely on the tandem mass spectrometry (MS/MS) analysis of dried
blood spots (DBSs) taken from newborns’ heels to measure targeted metabolic biomarkers
and their concentrations, particularly “total Leu” (Xle), which encompasses leucine (Leu),
isoleucine (Ile), valine, and alloisoleucine (Allo-Ile) [10,11]. If the NBS results are positive,
then follow-up genetic tests are performed using high-throughput genomic sequencing
combined with Sanger sequencing for their confirmation and validation [12]. Notably,
NBS and genetic testing have advanced the identification of MSUD cases [13,14], but these
approaches have certain limitations that must be resolved. Additionally, genetic testing
can be expensive, is occasionally accompanied by delayed results, and detects variants of
uncertain significance (VUSs) [15,16]. The last-mentioned variant (VUS) requires functional
analyses to examine its impact and relation to the MSUD condition. In addition to the
genetic testing-related limitations, NBS also faces some obstacles. NBS can detect newborns
who do not truly have MSUD (false-positive cases) or miss cases for unknown reasons. To
improve the accuracy and sensitivity of both approaches and solve their limitations, addi-
tional strategies are required to diagnose and screen for true MSUD cases in early life, and
these could be applied in parallel with the currently used approaches. Currently, the clinical
and scientific communities have recommended utilizing untargeted metabolomics as a tool
for identifying IEMs, including MSUD, for the following reasons: Firstly, since metabolism
and health are strongly linked, untargeted metabolomics, which measures a wide range of
small metabolites representing the metabolism status, and detects any metabolic alterations
can provide valuable insights into healthy and pathological conditions.
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Furthermore, untargeted metabolomics relatively measures the amounts of metabo-
lites, the final byproducts of genes involved in metabolic pathways. According to the
Human Metabolome Database (HMDB), approximately thousands of metabolites have
been found [17]. These metabolites could be used as potential biomarkers for IEMs diseases.
Most importantly, the great opportunity of untargeted metabolomics is that it provides
comprehensive coverage of metabolites in the body system, which is in opposition to the
limitations of the current biochemical or metabolic tests, which measure a limited number
of metabolites, leading to them missing other altered metabolites with a significant ability
to be used as disease-specific markers. Promisingly, using untargeted metabolomics can
solve these issues seen with genetic testing and NBS and bridge the knowledge gap in
IEMs [18].

To date, a few studies have used untargeted metabolomics in MSUD patients. In
2018, Coene et al. performed an untargeted metabolomic profiling of two MSUD patients
included in their research, finding that leucine, isoleucine, ketoleucine, 2-hydroxymethyl
butyric acid, and 2-hydroxy caproic acid were dysregulated significantly compared to
their healthy population [19]. Another untargeted metabolomics research study per-
formed on LC-QTOF for 21 MSUD infants revealed elevations of 3-hydroxybutyric acid,
2-oxoisovaleric acid, 2-hydroxyisovaleric acid, 2-oxo-3-methylvaleric acid, total leucine
(XLeu), valine (Val), and others [20]. Furthermore, Haijes et al. (2019) evaluated seven
MSUD patients’ plasma, and they found that their isoleucine and alloisoleucine with keto-
acids were elevated, while their 3-hydroxyisobutyrate and isovaleryl-carnitine were re-
duced [21]. These published findings illustrate the promising potential of using metabolomics
as a diagnosis/screening tool for MSUD; however, these studies have some limitations,
such as a low number of MSUD participants of various ages and the use of different ana-
lytical instruments to perform their metabolomics analyses. Thus, further metabolomics
studies are required to validate their findings; to explore additional metabolic biomarkers of
MSUD, especially in the neonatal period; and to standardize the workflow of metabolomics
analyses by using a larger cohort of MSUD newborns, which could lead more accuracy
in the early diagnosis of MSUD. Thus, we aimed to conduct an untargeted metabolomics
analysis of DBS samples from MSUD newborns to discover the metabolic biomarkers and
pathways that could improve the inaccurate diagnoses of MSUD caused by heterogeneous
MSUD phenotypes, false NBS results, and VUS cases.

2. Results
2.1. Participant Demographics and DBS Sample Selection

In order to use appropriate samples in our study, DBS samples from newborns that
were admitted to the NBS lab at King Faisal Specialized Hospital and Research Center
(KFSHRC) were first checked and identified as either MSUD samples (according to the
NBS-based-MSUD markers mentioned below) or normal samples showing normal NBS
results. A total of 44 DBS samples were used in this study: 22 samples were collected
from biochemically and genetically confirmed MSUD newborns, and the other 22 samples
were age- and gender-matched healthy newborns (Table 1). The participants in the two
groups were almost age- and gender-matched. The average age of the MSUD newborns
was (7.63 ± 3.07 days) and for healthy newborns was (7.72 ± 3.04 days). Newborns older
than 14 days or with other IEMs, based on their NBS data, were excluded from this study.
MSUD newborns showed significantly increased Xleucine (581 ± 431.97 µM) and valine
(431.97 ± 149.02 µM) compared to healthy newborns. For the NBS data, DBS samples from
these newborns were used for untargeted metabolomics analyses.
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Table 1. Demographic and clinical features of MSUD newborns and healthy controls.

Demographic and Clinical Features
MSUD
(n = 22)

CTRL
(n = 22) p-Value

Mean SEM Mean SEM

Age (Day) 7.63 3.07 7.72 3.18 0.9421

Female (%) 41 NA 41 NA NA

Male (%) 59 NA 59 NA NA

Xleucine (Cutoff: <245 µM) 581 431.97 <245 µM NA 0.005 **

Valine (Cutoff: <290 µM) 425.15 149.02 <290 µM NA 0.0042 **

For statistical analyses, an independent student t-test was conducted. Mean ± SEM expresses data. Student’s
t-test: Two-tailed was applied (** p < 0.01). MSUD Maple syrup urine disorder; CTRL Healthy control; SEM
standard error of the mean; NA not applicable.

2.2. Untargeted Metabolomics Profiling of MSUD Newborns

A total of 28,769 m/z compound ions were detected (Table S1) in both positive
(n = 19,336) and negative (n = 9433) ionization modes. The data were deposited in
Metabolomics Workbench (ST002750). In total, 28.5% of missing values were excluded after
applying a filter with a frequency > 80% to ensure quality in the data analyses, resulting in
20,568 features being retained for statistical analysis. To confirm that all depicted data have
a Gaussian distribution, the median was identified, we log-transformed normalized the
data, and the data were Pareto scaled to eliminate systemic variances.

A multivariate analysis using partial least squares discriminant analysis (PLS-DA), a
non-supervised analysis, showed sample clustering and a clear separation between MSUD
newborns (green) and healthy controls (red; Figure 1A). Additionally, orthogonal partial
least squares discriminant analysis (OPLS-DA), a supervised analysis, was performed
and showed a clear separation in the score plot, reflecting the difference between the two
groups, with a computed R2Y = 0.963 and Q2 = 0.353, as shown in Figure 1B.
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Figure 1. Sample clustering and group separation based on a group of 20,568 features. (A) PLS-DA
shows a clear separation between the two groups: MSUD newborn and healthy control. (B) OPLS-DA
shows a clear separation between the two groups: MSUD newborns and healthy controls. The
robustness of the created models was evaluated by the fitness of the model (R2Y: 0.963) and predictive
ability (Q2: 0.353) values.
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A univariate analysis was performed after normalizing the signal and ensuring normal
distribution. A volcano plot (moderated t-test, cut-off p-value ≤ 0.05 and fold change 1.5)
was used to identify the significantly altered features between the two groups, MSUD
newborns and healthy controls, and revealed 1040 significantly dysregulated features,
where 303 and 737 were up- and downregulated, respectively (Figure 2; Table S2). A total of
480 features were annotated using HMDB (Table S3), and 210 of these were identified as hu-
man endogenous metabolites after excluding the exogenous molecules (i.e., environmental
exposure, drugs, foods, etc.); these are listed in Table S4.
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newborns and healthy controls. The heatmap revealed 1040 significantly dysregulated metabolites,
where 303 (red) and 737 (blue) were up- and downregulated, respectively.

A heatmap was constructed that identified 210 as endogenous metabolites, of which
51 and 159 significantly were up- and downregulated in MSUD newborns (Figure S1;
Figure 3A and 3B), respectively.
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2.3. Biomarkers Analysis of MSUD

MSUD biomarkers were evaluated using a receiver operating characteristics (ROC)
curve analysis. As a classification and feature, the ranking approach PLS-DA was used to
create a multivariate exploratory ROC analysis. Six features of the ROC curve via PLS-DA
and cross-validation (CV) had area under the curve (AUC) values ranging from 0.832 to
0.922 with confidence intervals of 0.617–1 and 0.796–1 (Figure 4A). The frequency plot illus-
trates the 15 highest-scoring identified metabolites in the OPLS-DA model according to their
level in MSUD and healthy newborns. As shown, L-alloisoleucine, methionine sulfoxide,
glutathioselenol, heme O, N-eicosapentaenoyl glutamine, tryptophan 2-C-mannosidase,
butenyl carnitine, and N-(1-Deoxy-1-fructosyl) isoleucine were upregulated endogenous
metabolites. At the same time, PI (18:1/PGJ2) and lysoPI (16:0/0:0) were downregulated
metabolites in MSUD newborns compared to the healthy control group (Figure 4B). For
example, the AUC value of the ROC curves for methionine sulfoxide (Figure 4C) and
L-alloisoleucine (Figure 4D) were upregulated (AUC: 0.81) and (AUC: 0.926), respectively.
LysoPI was downregulated in MSUD newborns compared to their corresponding healthy
controls (AUC: 0.86).
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Figure 4. Metabolomics profiling and biomarker evaluation between MSUD newborn and healthy
control groups. (A): A receiver operating characteristics (ROC) curve was created by the OPLS-DA
model, with area under the curve (AUC) values calculated from the combination of 5, 10, 15, 25,
50, and 100 metabolites (B): The frequency plot shows the top 15 identified metabolites. (C,D):
Examples of metabolites methionine sulfoxide and L-alloisoleucine were upregulated in MSUD
newborn patients with (AUC:0.81) and (AUC: 0.926), respectively. (E): lysoPI downregulated in
MSUD newborns compared to healthy control (AUC: 0.86).

2.4. Metabolomic Pathway Analysis

All these altered metabolites were subjected to a pathway analysis to identify the
most affected pathways between the two study groups, which were ascorbate and aldarate
metabolism and pentose and glucuronate interconversions. Other pathways were affected,
such as sulfur metabolism, pyrimidine metabolism, glycerophospholipid metabolism, and
pentose phosphate pathways, as illustrated in Figure 5 and detailed in Table S5.
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Figure 4. Metabolomics profiling and biomarker evaluation between MSUD newborn and healthy
control groups. (A): A receiver operating characteristics (ROC) curve was created by the OPLS-
DA model, with area under the curve (AUC) values calculated from the combination of 5, 10,
15, 25, 50, and 100 metabolites (B): The frequency plot shows the top 15 identified metabolites.
(C,D): Examples of metabolites methionine sulfoxide and L-alloisoleucine were upregulated in
MSUD newborn patients with (AUC:0.81) and (AUC: 0.926), respectively. (E): lysoPI downregulated
in MSUD newborns compared to healthy control (AUC: 0.86).

2.4. Metabolomic Pathway Analysis

All these altered metabolites were subjected to a pathway analysis to identify the
most affected pathways between the two study groups, which were ascorbate and aldarate
metabolism and pentose and glucuronate interconversions. Other pathways were affected,
such as sulfur metabolism, pyrimidine metabolism, glycerophospholipid metabolism, and
pentose phosphate pathways, as illustrated in Figure 5 and detailed in Table S5.
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3. Discussion
3.1. Untargeted Metabolomics as an Additional Diagnostic/Screening Tool for MSUD

In the clinical field, the early identification of MSUD is much preferred to avoid health
complications and manage disease progression by providing MSUD newborns with the
proper treatment in their neonatal period. Thus, MSUD diagnosis needs to be more accurate
in early life. Currently, MSUD is diagnosed based on certain clinical criteria, including
phenotypes/symptoms, NBS results, and genetic testing [2]. However, the last-mentioned
clinical criteria have limitations, causing inaccuracy in the diagnosis of MSUD. For example,
MSUD patients exhibit variable and heterogeneous phenotypes/symptoms, which cause
difficulties in their early diagnosis.

Furthermore, NBS and genetic testing approaches have limited diagnostic/screening
abilities in some MSUD cases, and NBS has previously led to false-positive or -negative
cases of MSUD. For example, negative cases of MSUD have been seen, with samples col-
lected from newborns at 24 h of life [22]. On the other hand, false-positive cases of MSUD
have been detected in newborns diagnosed with hydroxyprolinemia, in which hydroxypro-
line is not distinguished from leucine and isoleucine by low-resolution mass spectrome-
try [23]. Additionally, during pregnancy, the maternal ingestion of sotolone-containing
foods such as fenugreek can lead to false-positive cases of MSUD in newborns [24]. In
addition to the limitations of NBS, genetic testing may detect VUS; the latter is detected
in these analyses but does not provide detailed information about the mutation, whether
disease-related or not, and further deep functional studies are required to identify the
impact and relationship of VUS to the disease [25]. Some reports illustrate that some newly
identified MSUD patients are found to have VUS in their MSUD-related genetic mutations
and require functional analyses to confirm the pathogenicity of these variants [26,27].

Therefore, there have been increasing demands and attempts in the scientific commu-
nity to solve these limitations by developing a new diagnostic tool for the better diagnosis
of MSUD. Notably, untargeted metabolomics has received a lot of attention as a newly
emerged diagnostic tool for IMDs because it can explore their wide metabolic profile,
reflecting the metabolic status of diseases, which gives us a better understanding of IMDs.
Additionally, untargeted metabolomics can uncover new metabolic biomarkers and path-
ways that could be added to the clinical diagnostic criteria for IMDs, improving their
overall diagnosis process and increasing accuracy. A few studies have been carried out
on the metabolomics of different MSUD samples, including DBS and urine, which were
analyzed using MS or NMR methods [28–30]. Still, no study has performed untargeted
metabolomics analyses of samples from MSUD newborns to identify its metabolic al-
terations and biomarkers/pathways in early life. Therefore, we performed untargeted
metabolomics analyses of DBS samples from MSUD newborns, and our metabolomics
results showed that MSUD newborns have an altered metabolic profile compared to healthy
newborns (controls). Additionally, our findings revealed potential metabolic biomarkers
and pathways that could be used for MSUD diagnosis/screening in early life, which are
discussed further below.

3.2. Untargeted Metabolomics Revealed Altered Global Metabolic Profiling of MSUD Newborns

To truly study the metabolic alterations caused by this disease, we aimed to compre-
hensively explore the metabolic profiling of MSUD newborns who were not exposed to
external factors, such as treatments or diet interventions, because the latter could modulate
the true metabolic status of MSUD samples. Therefore, DBS samples were taken from
MSUD newborns of an average age of around 7 days and analyzed using untargeted
metabolomics. Our untargeted metabolomics analyses of MSUD DBSs revealed that MSUD
had an altered metabolic profile compared to healthy newborns, with a broader range
of altered metabolites. Examples of these altered metabolites include amino acids, lipid
species, purine derivatives, glucuronide conjugates, and oxidative-related compounds.
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3.3. Alterations in the Amino Acids in MSUD Newborns

Our data clearly showed that DBS samples from MSUD contained various altered
amino acids and their modified forms, such as tryptophan, methionine, leucine, and al-
loisoleucine. For instance, tryptophan 2-C-mannoside was upregulated in MSUD newborns
compared to healthy newborns. Tryptophan 2-C-mannoside, known as mannosyl trypto-
phan (CMW), is a glycosylated form of tryptophan in which the c-mannosylation site is
found in the tryptophan motif located in proteins when it is targeted, it causes important
protein folding, sorting, and/or secretion [31,32]. Interestingly, CMW levels were increased
in the blood of patients with renal dysfunction, and they were also found to be elevated
in patients with T2D [33], suggesting that CMW could act as a pathological biomarker
in diseases. Given our CMW findings and the previously published studies on MCW, it
is possible that CMW is elevated in various pathological conditions, including MSUD.
However, further investigations are needed to deeply explore the role of MCW in the
complication or progression of MSUD.

Additionally, our data revealed that methionine sulfoxide was upregulated in MSUD
newborns compared to healthy controls. Methionine sulfoxide is derived from methionine
and is formed post-translationally through the oxidation of methionine sulfur [34]. Methio-
nine sulfoxide is an important metabolite that affects redox homeostasis in diseases through
sulfur metabolism [35,36]. It is possible that MSUD patients could be subject to certain
oxidative stress events, as is partially indicated by their elevated levels of methionine
sulfoxide, which in turn could lead to the neurodegeneration and functional impairment
of cells known to occur in MSUD [37]. It is suggested that methionine sulfoxide could
be targeted and returned to methionine to potentially reduce some of the oxidative and
degradative damages found in MSUD through reversing this post-translation modification
using targeted-site modification strategies, especially as methionine is known to have
antioxidant properties, leading it to ameliorate oxidative events [38]. However, further
experimental work needs to be conducted to examine this suggestion in the future.

Moreover, another metabolite that was upregulated in MSUD-affected newborns was
L-arginine. Biologically, arginine has various body functions, including a protective role
in disposing of toxic components such as ammonia and its related derivatives, as argi-
nine can bind to ammonia to convert it into non-toxic compounds that are eventually
excreted [39]. Potentially, the elevation of arginine in MSUD newborns may play a protec-
tive role, minimizing the toxic elevations of ammonia that have been previously observed
in MSUD patients and have been associated with metabolic encephalopathy [40]. Thus, we
anticipated that MSUD newborns might develop defensive mechanisms during the early
neonatal stage of the disease, one of which is an increased level of arginine production.
It is suggested that correlation studies be performed between the levels of arginine and
ammonia in MSUD newborns’ DBS samples to examine the potential link between these
two metabolites and help us understand the mechanism developed against the pathogenies
of MSUD. Based on these amino acid-related findings, it seems that MSUD in the neonatal
period leads to alterations in the structure and level of amino acids in patients. There is a
need to study these amino acid alterations in patients of different ages who have or have
not undergone treatment to understand these amino acid changes better.

3.4. Alterations in the Lipid Species in MSUD Newborns

Another observed metabolic alteration in our data is that various lipid species were
disrupted, including the fatty acids, phospholipids, glycosphingolipids, ceramides, acyl-
carnitines, and glycerol derivatives. In our metabolomics data, LysoPI (16:0/0:0), Cer
(d16:1(TXB2)), PE (15:0/18:3), PE-NMe (18:1/18:4), PI (18:1/PGJ2) and PA (2:0/18:2) were
downregulated in MSUD newborns compared to controls. LysoPI is an endogenous ligand
for G protein-coupled receptor 55(GPR55) and has various biological functions; however,
its role in the central nervous system (CNS) is one that particularly affects microglial
inflammatory responses. Microglia are immune cells with important functions in bal-
ancing the immune homeostasis of the CNS [41]. Additionally, Cer (d16:1/TXB2) is an
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oxidized ceramide, a member of the sphingolipids (SLs) or glycosylceramides. SLs are
found in cell membranes, particularly in peripheral nerve cells and the cells found in
the central nervous system. Impairments associated with sphingolipid metabolism are
related to neurological syndromes [42]. The biosynthesis and catabolism of sphingolipids
involve many intermediate metabolites and different enzymes. PE-NMe (15:0/18:3) is
a monomethyl phosphatidylethanolamine, a glycerophospholipid part of phosphatidyl-
choline biosynthesis [43]. Phospholipids are key components of the cell lipid bilayer and are
involved in metabolism and signaling. Oxidized phosphatidic acids, PA (2:0/18:2), belong
to glycerolipids and can work as signaling molecules either by themselves or by indirectly
interacting with other molecules. Those oxidized lipids are produced non-enzymatically
through uncontrolled oxidation of free radicals, which are considered harmful to human
health [44].

Furthermore, ganglioside GM1 (D18:0, 18:1) was downregulated in MSUD newborns
compared to controls. Gangliosides are primarily considered the compositional components
of the CNS glycome [45]. Gangliosides are glycosphingolipids made of glycan headgroups,
which can engage with proteins or other glycans present on the same membrane, as
well as with molecules on other cells and in the extracellular space, which results in
modulation of cell signaling and communication [46,47]. GM1 exerts neuroprotective
functions, specifically repairing the neuronal tissue after mechanical, biochemical, or toxic
injuries [48]. Furthermore, our study showed various acylcarnitines (AC) alterations in
MSUD newborns. Therefore, disrupted circulating AC may highlight the dysregulation
of mitochondrial oxidation of lipids and upregulation of proinflammatory signals [49]. It
could be that these alterations in lipid species worsen the phenotypes of MSUD in early
life, including brain and nervous system damage.

3.5. Metabolites Involved in Oxidative Events in MSUD Newborns

Previously, it has been reported that MSUD patients have shown oxidative stress,
which probably contributes to their neurological problems [50]. Regarding this state of ox-
idative stress state, our data showed that certain significant metabolites related to oxidative
events are altered in MSUD. For example, in this study, glutathioselenol was upregulated
in MSUD newborns. In the human liver, glutathioselenol reacts with glutathione to form
hydrogen selenide ions, which are necessary to produce the seleno-proteins needed for bio-
logical systems, mostly as antioxidants [51,52]. Moreover, our findings showed that α-lipoic
acid (ALA) was upregulated in MSUD newborns. ALA is a coenzyme of many multien-
zyme complexes located in the mitochondria. Mechanistically, ALA acts as an antioxidant
by neutralizing free radicals and preventing oxidative damage to cells and tissues. It can
work with other antioxidants such as vitamin C, vitamin E, and glutathione, enhancing the
antioxidant defense system [53]. In addition, our data showed that N-acetylserotonin glu-
curonide (NASG) was downregulated in MSUD newborns. N-acetylserotonin glucuronide
is derived from N-acetylserotonin (NAS), which controls intracellular redox states through
the upregulation of enzymes involved in glutathione biosynthesis, enhancing the abun-
dance of proteins involved in anti-oxidative defense [54]. Our metabolic finding suggested
that the MSUD newborns potentially tried to develop defensive tools against the oxidative
events using various mechanisms, such as glutathione- or ALA-mediated mechanisms, to
reduce the health complications associated with MSUD. MSUD is a complicated case as
it has many metabolic alterations, various phenotypes, and presentations, which enforce
the identification of further diagnosis/screening biomarkers in addition to the standard
markers used in NBS and genetic testing.

3.6. New Potential Metabolic Biomarkers/Pathways of MSUD

One of the well-known and definitive MSUD biomarkers is called “alloisoleucine”,
which is used globally for MSUD diagnosis/screening during NBS [10]. It was detected
in our untargeted metabolomics analysis of DBSs from MSUD newborns. Based on the
biomarker analyses and our metabolic data, alloisoleucine was significantly elevated in
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MSUD newborns compared to healthy newborns, which makes untargeted metabolomics a
trustworthy technique that could be used to validate the current standard method (NBS)
and its MSUD markers. Our untargeted metabolomics analysis uncovered other new
biomarkers, including methionine sulfoxide, LysoPI, and altered metabolic pathways such
as ascorbate and aldarate metabolism, and pentose and glucuronate interconversions in
MSUD newborns, potentially used as new additional biomarkers/pathways for MSUD.
Particularly, Methionine sulfoxide was upregulated in MSUD newborns compared to
healthy controls, and this could be attributed to the oxidative stress events in MSUD,
making methionine sulfoxide a reliable biomarker for MSUD, needed for further validation
studies. Also, LysoPI was selected as a decreased biomarker in MSUD, which merits
further exploration.

As mentioned above, one of the most affected metabolic pathways in MSUD new-
borns is ascorbate and aldarate metabolism, compounds that are involved in the oxidative
damage defense mechanism mediated by glutathione and other antioxidant molecules [55].
In addition, pentose and glucuronate interconversions were found in our data to be a
highly impacted pathway in MSUD newborns. Glucuronate interconversions induce the
glucuronidation process for the elimination of toxic molecules [56]. Predictably, in our
study, MSUD newborns had impacted pentose and glucuronate interconversions, which
may help remove the toxic substances that are a result of oxidative damage. However,
further studies are required to examine the role of the glucuronidation process in MSUD.

These new metabolic biomarkers/pathways are very promising; they provide new
insights into the field and should be considered additions to the diagnosis panel of MSUD
in the future. However, a follow-up study is required to evaluate the discovered biomark-
ers’ reproducibility, stability, and performance and to validate the disrupted metabolic
pathways in a bigger and independent cohort, considering an appropriate study design
and FDR. Moreover, a prototype targeted analytical approach will be established for the
newly discovered metabolic biomarkers using reference standard materials. Addition-
ally, for accurate diagnosis, various biological samples, not only DBSs, must be used to
examine sample-type specificity. Furthermore, a cohort of MSUD patients of different
ages could be studied to determine whether these new metabolic biomarkers can only be
used in the neonatal period or at other ages as well. All these suggested studies would
generate more information about MSUD and develop more accurate approaches for its
diagnosis/screening.

4. Materials and Methods
4.1. Ethical Approval

The Institutional Review Boards at King Faisal Specialist Hospital and Research Center
(KFSHRC) in Riyadh, Saudi Arabia, reviewed and approved this study procedure (RAC
No. 2160 027). The leftover samples submitted for routine clinical testing were waivered
from any consents.

4.2. Participants’ Selection Criteria and Sample Collection

Forty-four DBS cards were collected from the Metabolomics Lab in the Center for
Genomic Medicine at KFSHRC. The newborns positively screened with MSUD (n = 22)
were confirmed biochemically and genetically and included in this study with healthy
controls (n = 22). All healthy controls were age- and gender-matched with patients. MSUD
newborns were not diagnosed with any other disease, such as IEM disorders, and less than
14 days old were included in this study. Originally, these samples were collected from
newborns’ heel pricks dripped from 903 Protein Saver cards (Whatman, Piscataway, NJ,
USA). Then, after being dried, the DBS cards were stored at 4 ◦C for later biochemical
and metabolomics analyses. The initial newborn screening was performed with tandem
mass spectrophotometry using MassChrom kits (cat# 55000, ChromSystems, Munich,
Germany), a CE-Marked diagnostic Kit available commercially. This screening test was
performed routinely in our lab for clinical purposes, where the kit contains mobile phase,
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quality control samples, internal standard solutions labeled for the key amino acids, and
acylcarnitine. In this study, this kit measured the leucine, isoleucine, valine, and MSUD
markers as part of our routine laboratory practice.

4.3. Chemicals

The LC-MS graded chemicals methanol (MeOH), acetonitrile (ACN), deionized water
(dH2O), and formic acid were purchased from Fisher Scientific Company (Ottawa, ON,
Canada). The reference materials used as internal standards were purchased from Sigma
(Ottawa, ON, Canada).

4.4. Sample Preparation

Metabolites were extracted from the DBS of MSUD and newborn healthy controls.
One punch of DBS with a size of 3.2 mm was distributed in 96 V-shaped plate wells. Then,
the punch was immersed in 250 µL of (dH2O: MeOH: ACN) (20:40:40%) as an extraction
solvent. The samples were vortexed in a ThermoMixer (Eppendrof, Hamburg, Germany) at
600 rpm, 25 ◦C, for 2 h. Subsequently, the samples were spun down at 16,000 rpm, 4 ◦C, for
10 min. The supernatants were transferred into new 96-well V-shaped plates, the punches
were discarded, and the samples were evaporated in a Speed-Vac (Thermo Fischer, Christ,
Germany) [57].

4.5. LC-HRMS Metabolomics Analysis

All dried extracted samples were reconstituted in 50% mobile phase A (0.1% formic
acid in deionized water) and mobile phase B (0.1% formic acid in (1:1) (v/v) MeOH and
ACN) for an LC-MS metabolomics analysis. Initially, 5 µL of the reconstituted sample was
introduced to the inlet technique, where the metabolites were separated in a reversed-phase
liquid chromatography with Waters ACQUITY UPLC XSelect C18 (100 × 2.1 mm × 2.5 µm)
column (Waters Ltd., Elstree, UK). The mobile phase flow rate was set to 300 µL/min, and
the column was maintained at 55 ◦C while the sample was stored at 4 ◦C in the autosampler.
Mobile phases A and B were pumped in a gradient mode as follows: 95–5% A (0–16 min),
5% A (16–19 min), 5–95% A (19–20 min), and 5–95% A (20–22 min). The eluted molecules
from the column were ionized in the electrospray ionization source (ESI) at positive and
negative modes. The gas phase ions were subjected to Xevo G2-S QTOF mass spectrometer
(Waters Ltd., Elstree, UK) separation based on their m/z. The MS source temperature was
fixed at 150 ◦C, the desolvation temperature was set at 500 ◦C, and the capillary voltages
were kept at 3.20 kV or 3 kV for ESI+ and ESI− modes, respectively. The cone gas flow was
50 L/h, the desolvation gas flow was 800 L/h, and the cone voltage was 40 V. The collision
energies for the low and high functions were set to off and 10–50 V, respectively, in the
MSE data-independent acquisition (DIA) mode. As recommended by the vendor, the mass
spectrometer was calibrated with sodium formate (100–1200 Da) in both ionization modes.
The lock spray mass compound, MS leucine-enkephaline (an external reference to the ion
m/z 556.2771 in positive mode and 554.2615 in negative mode), was constantly injected,
which is responsible for switching between the sample and the reference for every 45 and
60 s in both modes, scan time was 0.5 s, the flow rate was 10 µL/min, and collision energy
was 4 V and 30 V for the cone, respectively. The DIA data were gathered in continuum
mode with Masslynx™ V4.1 Software (Waters Inc., Milford, MA, USA). Quality control
samples (QCs) were performed gently by collecting a single 3.2 mm punch from each study
sample and pooling them for extraction. After that, they were introduced to the instrument
randomly to validate the system’s stability [58]. After that, they were analyzed following
the routine protocol. The acceptance criteria were to have all the QC samples separated
from the other study groups, clustered together, and use their Relative standard deviations
(RSD%) < 40%.

68



Int. J. Mol. Sci. 2024, 25, 5720

4.6. Metabolomics Data Processing and Statistical Analyses

The raw MS data were processed using a standard pipeline, retention time alignment,
mass-to-charge ratio (m/z) correction followed by the compound peak picking. Compound
signals were selected based on the quality of the peaks that were selected, where the noise
peaks were excluded outside the RT range of 0.5–20 min, and fragmentation ions with
intensity below 0.2% were included using Progenesis QI v.3.0 software (Waters Technologies,
Milford, MA, USA; Scheme 1). Multivariate statistics was applied using MetaboAnalyst
(v.5.0; McGill University, Montreal, QC, Canada; http://www.metaboanalyst.ca, accessed
on 20 June 2023) [59]. All the imported data groups (compounds’ names and their raw
abundance information) were normalized by the median and were Pareto scaled and log-
transformed, and these were used to create PLS-DA and OPLS-DA models. The generated
OPLS-DA model was measured through (R2Y) and (Q2) values, representing the model’s
fitness and predictive ability, respectively [60]. A univariate analysis was applied with Mass
Profiler Professional (MPP) v.15.0 software (Agilent, Santa Clara, CA, USA). A volcano
plot was used to uncover significantly changed mass features based on a moderated t-
test, cut-off: p < 0.05, fold change 1.5. Compared to the controls, heatmap analysis for
altered features in MSUD newborns was performed using the Pearson distance measure
according to the Pearson similarity test [61]. Pathway and biomarker analyses, linked
with MSUD-linked biomarkers, and receiver operating characteristic (ROC) curves were
created using the PLS-DA approach in the MetaboAnalyst v 5.0 for globe analysis to specify
potential biomarkers.
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4.7. Metabolite Identification (Peak Annotation)

All the statistically significant features between the study groups were selected using
Progenesis QI v.3.0 software (Waters Technologies, Milford, MA, USA) for peak annotation.
The precursor and product ions were annotated based on accurate mass, fragmentation
pattern, and isotopic distributions in the Human Metabolome Database (HMDB) with a
5 ppm mass error [62]. Exogenous metabolites, such as food additives, pharmaceuticals,
and exposomes, were removed from the finalized list.

5. Conclusions

This study has presented valuable information about the metabolic alterations in amino
acids, lipids, and other molecules and the potentially induced oxidative events in the neona-
tal period of MSUD. Additionally, this study revealed its capability to measure the standard
MSUD biomarker “alloisoleucine” and uncovered new metabolic biomarkers/pathways
(methionine sulfoxide; LysoPI; ascorbate and aldarate metabolism, and pentose and glu-
curonate interconversions) that will be able to be used in its diagnosis/screening in the near
further, after further validation studies. These future studies will strengthen our findings
and help improve the accuracy of the current diagnostic tools, NBS and genetic tests, for
better health outcomes and disease treatments.
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Abstract: Gastric cancer (GC) is the fifth most common cause of cancer-related death worldwide.
Early detection is crucial for improving survival rates and treatment outcomes. However, accurate
GC-specific biomarkers remain unknown. This study aimed to identify the metabolic differences
between intestinal metaplasia (IM) and GC to determine the pathways involved in GC. A metabolic
analysis of IM and tissue samples from 37 patients with GC was conducted using ultra-performance
liquid chromatography with tandem mass spectrometry. Overall, 665 and 278 significant features
were identified in the aqueous and 278 organic phases, respectively, using false discovery rate
analysis, which controls the expected proportion of false positives among the significant results.
sPLS-DA revealed a clear separation between IM and GC samples. Steroid hormone biosynthesis,
tryptophan metabolism, purine metabolism, and arginine and proline metabolism were the most
significantly altered pathways. The intensity of 11 metabolites, including N1, N2-diacetylspermine,
creatine riboside, and N-formylkynurenine, showed significant elevation in more advanced GC. Based
on pathway enrichment analysis and cancer stage-specific alterations, we identified six potential
candidates as diagnostic biomarkers: aldosterone, N-formylkynurenine, guanosine triphosphate,
arginine, S-adenosylmethioninamine, and creatine riboside. These metabolic differences between IM
and GC provide valuable insights into gastric carcinogenesis. Further validation is needed to develop
noninvasive diagnostic tools and targeted therapies to improve the outcomes of patients with GC.

Keywords: gastric cancer; intestinal metaplasia; metabolomics; metabolite profiling; biomarker

1. Introduction

Gastric cancer (GC) is the fifth most common cancer type and the fifth leading cause
of cancer-related deaths globally [1]. In the Republic of Korea, GC imposes a significant
socioeconomic burden, particularly among individuals who do not participate in the
national cancer screening program [2]. GC is more common in men; in developed countries,
men are 2.2 times more likely to be diagnosed with GC than women. Owing to the
asymptomatic nature of the disease, patients are often diagnosed at advanced stages when
the disease becomes inoperable, either surgically or endoscopically. The 5-year survival
rate varies widely depending on the cancer stage at diagnosis, ranging from less than 20%
in late stages to >90% in early stages [3]. Endoscopy is currently the most reliable and
widely used method for diagnosing GC. However, it has several disadvantages, including
invasiveness, significant miss rates, risk of infection, and complications [4,5]. Miss rates
are particularly high in patients with small-sized or non-elevated GC morphology [6].
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Therefore, the early detection and prediction of GC are crucial for improving outcomes and
preventing disease.

To address these challenges, various studies have focused on identifying effective diag-
nostic methods and developing novel biomarkers. Carbohydrate antigen family members
(72-4, 19-9, and 125) and carcinoembryonic antigen (CEA) have been used as serum-based
biomarkers for GC detection [7,8]. However, these markers are not exclusive to GC and
are altered in other types of cancers [7,9]. The development of GC-specific biomarkers
requires high disease specificity. Proteomic [10] and genomic approaches [11] have also
been explored to identify GC; however, metabolites provide the most accurate presentation
of the molecular phenotype. Metabolite-associated biomarkers have been identified in
various cancer types such as breast, brain, ovarian, and prostate cancers and are currently
used for diagnosis and prognosis prediction [12–15]. Prognostic biomarkers, including
the neutrophil-to-lymphocyte ratio, have also been proposed, particularly in patients with
advanced GC treated with Programmed Cell Death Protein 1 (PD-1) and Programmed
Death-Ligand 1 (PD-L1) agents [16]. In this study, we aimed to identify diagnostic biomark-
ers specific to GC using metabolomics.

It is widely accepted that GC develops through a multistep cascade: gastritis, atrophy,
intestinal metaplasia (IM), dysplasia, and cancer [17]. As IM is considered the most
significant stage in GC development [18], the phenotypic transition from IM to GC is a
key step in gastric carcinogenesis. Previous studies have applied metabolomics to assess
patients with GC using gastric tissue, blood, urine, or gastric juice samples [19]. Among
the studies using tissues, most compared GC tissue metabolites with those from normal
tissue [20–22], non-cancerous [23], and chronic superficial gastritis tissues [24].

In this study, we aimed to identify the metabolic landscapes of IM and GC and
discover diagnostic biomarkers for the progression from IM to GC by comparing their
metabolic differences.

2. Results
2.1. Patient Characteristics

We enrolled 37 patients and collected two GC tissue samples and two corresponding
IM tissue samples from each patient, investigating the aqueous and organic metabolites
obtained from these tissues (Figure 1a). The cancer location, stage, pathological differentia-
tion, and Lauren classification were used to obtain detailed information on the participants.
Based on the American Joint Committee on Cancer Tumor-Node-Metastasis (TNM) system,
15 patients with stage I, 7 with stage II, 4 with stage III, and 11 with stage IV were included
in this study. The history of Helicobacter pylori infection and family history of GC were also
considered. Table 1 shows the characteristics of patients with GC.

Table 1. Clinical characteristics of the participants.

Variables Total (n = 37)

Age, median 62.5 ± 13.9

Sex, n (%)
Male 23 (62.2)

Female 14 (37.8)

Location, n (%)
Upper 5 (13.5)
Middle 11 (29.7)
Lower 21 (56.8)

Stage, n (%)
I 15 (40.5)
II 7 (18.9)
III 4 (10.8)
IV 11 (29.7)
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Table 1. Cont.

Variables Total (n = 37)

Pathologic differentiation
Poorly 22 (59.5)

Moderately 13 (35.1)
Not applicable 2 (5.4)

Lauren classification
Intestinal 17 (45.9)
Diffuse 12 (32.4)
Mixed 8 (21.6)

Current Helicobacter pylori infection 26 (70.3)
Family history of gastric cancer 5 (13.5)
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detection was done using Q-TOF-MS, generating mass spectra. (2) Data preprocessed using 
apLCMS version 6.3.8 and xMSanalyzer version 2.0.6.1. (3) Metabolic profiling with Manhattan plot 
with false discovery rate (FDR) analysis and sparse partial least square discriminant analysis (sPLS-
DA). (4) Pathway analysis with Kyoto Encyclopedia of Genes and Genomes (KEGG). (5) Biomarker 
quantification using multiple reaction monitoring (MRM). apLCMS: adaptive processing of liquid 
chromatography-mass spectrometry. FDR, false discovery rate; GC, gastric cancer; IM, intestinal 
metaplasia; KEGG, Kyoto Encyclopedia of Genes and Genomes; MS, mass spectrometery; Q-TOF-
MS, quadrupole time-of-flight mass spectrometry; sPLS-DA: sparse partial least square discriminant 
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Figure 1. Schematic overview of the biomarker identification criteria applied in this study. (a) The
metabolic overview started with the extraction of metabolites from 37 gastric cancer (GC) and intesti-
nal metaplasia (IM) tissues. (b) The scheme of untargeted metabolomics analysis. (1) Metabolites
detection was done using Q-TOF-MS, generating mass spectra. (2) Data preprocessed using apLCMS
version 6.3.8 and xMSanalyzer version 2.0.6.1. (3) Metabolic profiling with Manhattan plot with false
discovery rate (FDR) analysis and sparse partial least square discriminant analysis (sPLS-DA). (4) Path-
way analysis with Kyoto Encyclopedia of Genes and Genomes (KEGG). (5) Biomarker quantification
using multiple reaction monitoring (MRM). apLCMS: adaptive processing of liquid chromatography-
mass spectrometry. FDR, false discovery rate; GC, gastric cancer; IM, intestinal metaplasia; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MS, mass spectrometery; Q-TOF-MS, quadrupole
time-of-flight mass spectrometry; sPLS-DA: sparse partial least square discriminant analysis.

2.2. Analytical Performance Evaluation

A schematic overview of the biomarker identification criteria is shown in Figure 1b.
Data were extracted using adaptive processing of liquid chromatography-mass spectrom-
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etry and subjected to the xMSanalyzer. To assess the performance of the analytical sys-
tem, the processed data from the xMSanalyzer (24,591 features in the aqueous phase and
18,980 features in the organic phase) were input into xmsPANDA version 1.3.2. A total of
665 significant features from the aqueous phase and 278 features from the organic phase
were selected based on a false discovery rate FDR q-value of ≤0.05 using the Limma R
package. With significant features identified in the FDR analysis (q ≤ 0.05), principal
component analysis (PCA) showed a clear separation between case samples (yellow and
red) and pool samples (green), in both aqueous and organic phases (Figure 2).
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Figure 2. Analytical performance evaluation by comparing pool and case samples. (a) PCA using
665 significant features (FDR q ≤ 0.05) from aqueous extraction data. (b) PCA using 278 significant
features (FDR q ≤ 0.05) from organic extraction data. FDR, false discovery rate; GC, gastric cancer;
IM, intestinal metaplasia; PCA, principal component analysis; PC1, principal component 1; PC2,
principal component 2; PC3, principal component 3; QC, quality control.

2.3. Uni/Multivariate Observation of Metabolic Alterations between IM and GC
2.3.1. Comparison of Aqueous Data

For a detailed investigation of metabolic differences caused by GC, the aqueous ex-
tracted data from the IM and GC groups were analyzed using Manhattan plot (FDR q ≤ 0.05),
principal component analysis (PCA), and sparse partial least squares discriminant analysis
(sPLS-DA). A total of 665 features (FDR q ≤ 0.05)) were selected as discriminatory features
from the aqueous extract data using a t-test, and presented as colored dots in the Manhattan
plot (Figure 3a). −log10(p) values are shown on the y-axis, whereas the mass/charge ratio
(m/z) are displayed on the x-axis (Figure 3a).

The dashed line (FDR q ≤ 0.05) separates the significant metabolites from the input
features. Above the line, the blue dots represent the features that are highly expressed
in GC, while the red dots represent the features that are poorly expressed in GC. Using
665 features (FDR q ≤ 0.05), hierarchical cluster analysis (HCA) did not clearly separate the
two groups (Figure 3b). Therefore, to obtain clear separation, sPLS-DA was applied, which
resulted in better separation compared with PCA (Figure 3c).

2.3.2. Comparison of Organic Data

Following the analyses of the aqueous data, a Manhattan plot, PCA, and sPLS-DA were
employed to assess the metabolic differences in the organic data. In total, 278 features (FDR
q ≤ 0.05), shown as colored dots in the Manhattan plot, were selected as discriminatory
features from the organic extract data (Figure 3d). An explanation of the Manhattan plot
was provided in the previous section. Using 278 features (FDR q ≤ 0.05), the two groups
were not clearly separated by HCA (Figure 3e). Therefore, to obtain clear separation,
sPLS-DA was applied, which resulted in better separation compared with PCA (Figure 3f).
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Figure 3. Manhattan plot, PCA, and sPLS-DA between IM and GC. The Manhattan plot presents
the significant features (FDR q ≤ 0.05) as colored dots, while their distribution is expressed in m/z.
(a) Manhattan plot showing 665 significant features (FDR q ≤ 0.05) derived from the aqueous data.
(d) Manhattan plot with 278 significant features (FDR q ≤ 0.05) derived from the organic data.
PCA shows the separation of samples: (b) aqueous data and (e) organic data. sPLS-DA shows the
separation of samples: (c) aqueous data and (f) organic data. PCA, principal component analysis;
PC1, principal component 1; PC2, principal component 2, sPLS-DA, sparse partial least squares
discriminant analysis.

2.4. Pathway Enrichment Analysis between IM and GC

The 665 and 278 significant features (FDR q ≤ 0.05) identified from the comparison
of aqueous data and organic data, respectively, were matched to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) IDs using xMSannotator version 1.3.2. The matched
KEGG IDs that coped with the intensity table were input into the Metaboanalyst 5.0
(www.metaboanalyst.ca (accessed on 12 April 2024)) for pathway analysis. As a result,
highly affected pathways, including pathway name, −log10(p), pathway hits, and FDR,
were determined (Figure 4), including steroid hormone biosynthesis [−log10(p) = 8.13,
impact = 0.24], tryptophan metabolism [−log10(p) = 2.27, impact = 0.38], purine metabolism
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[−log10(p) = 1.56, impact = 0.21], and arginine and proline metabolism [−log10(p) = 0.75,
impact = 0.24].
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Figure 4. Overview of the pathway analysis of the significant metabolites extracted from the combined
aqueous and organic phases. (a) The bubble plot shows the pathways by impact (x-axis) and−log10(p)
(y-axis). The color and size of each bubble represent the −log10(p) and impact, represented as color
and size keys, respectively. (b) The top 16 pathways based on the −log10(p) are listed alongside their
match status, indicating the hit metabolites to whole metabolites involved in each pathway, p-value,
and impact.

2.5. Relative Intensities of Metabolites Significantly Altered by GC

We used molecular tolerance within the range of 10 ppm to annotate the ion features,
and fragmented the ion features to validate them with standard chemicals. Several signifi-
cantly altered metabolites were identified in the significant pathways. In steroid hormone
biosynthesis, metabolite alterations start with two metabolites: 21-deoxycortisol (m/z:
347.2185, [M+H]+) and androst-4-ene-3,17-dione (Figure 5a and 5b, respectively). The levels
of 21-deoxycortisol and metabolites derived from 21-deoxycortisol, including corticos-
terone (m/z: 347.2185, [M+H]+), aldosterone (m/z: 361.2033, [M+K]+), 11β, 21 dihydroxy-
5β-pregnane-3,20-dione (m/z: 387.1921, [M+K]+), and 21-dihydroxy-5β-pregnane-3,11,20-
trione (m/z: 347.2185, [M+H]+) were significantly lower in GC than in IM. The levels of
metabolites derived from androst-4-ene-3,17-dione, including 11β-hydroxyandrost-4-ene-
3,17-dione (m/z: 267.1751, [M+H-2H2O]+), adrenosterol (m/z: 283.1713, [M+H-H2O]+),
etiocholan-3α-ol-17-one (m/z: 329.1866, [M+K]+), 19-hydroxyandrost-4-ene-3,17-dione
(m/z: 267.1751, [M+H-2H2O]+), 19-oxoandrost-4-ene-3,17-dione (m/z: 283.1713, [M+H-
2H2O]+), and androsterone (m/z: 329.1866, [M+K]+), were significantly altered by GC.
Among these, the levels of adrenosterone and 19-oxoandrost-4-ene-3,17-dione were signifi-
cantly higher in the GC group than in the IM group, while those of 11β, 21-dihydroxy-5β-
pregnane-3,20-dione, etiocholan-3α-ol-17-one, 19-hydroxyandrost-4-ene-3,17-dione, and
androsterone were significantly lower in the GC group than in the IM group.

In tryptophan metabolism (Figure 6), the levels of L-tryptophan (m/z: 205.0964,
[M+H]+) and its metabolic derivatives, including indole (m/z: 188.0702, [M+H]+), indole
acetaldehyde (m/z: 160.0750, [M+H]+), N-formyl kynurenine (m/z: 254.1141, [M+NH4]+),
indoleacetate (m/z: 170.0600, [M+H]+), and L-kynurenine (m/z: 191.0820, [M+H]+) were
significantly altered. N-formylkynurenine was significantly higher in the GC group than in
the IM group, while those of indole, L-tryptophan, indole acetaldehyde, indoleacetate, and
L-kynurenine were significantly lower in the GC group than in the IM group.
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Figure 5. Analysis of significantly altered metabolites between GC and IM in the steroid hormone
biosynthesis pathway from the KEGG pathway. (a) Pathway of androgen steroid and (b) pathway of
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In purine metabolism (Figure 7), the expression levels of guanosine 3′,5′-bis(diphosphate)
(m/z: 437.3722, [M+Na]+) and its metabolic derivatives (including guanosine triphosphate
(GTP) (m/z: 523.9958, [M+H]+), inosine (m/z: 307.0433, [M+K]+), hypoxanthine (m/z:
119.0350, [M+H-Htyl0]+), guanosine (m/z: 322.0538, [M+K]+), and guanine (m/z: 152.0580,
[M+H]+)) and 5′-phosphoribosyl-N-formylglycinamide (m/z: 279.0390, [M+H-2H20]+) and
its metabolic derivatives (including 2-(formamido)-N1-(5′-phosphoribosyl)acetamidine
(m/z: 296.0659, [M+H-H20]+) and aminoimidazole ribotide (m/z: 296.0659, [M+H]+)) were
significantly altered. The expression level of GTP was significantly higher in the GC group
than in the IM group, while those of guanosine 3′,5′-bis(diphosphate), inosine, hypoxan-
thine, guanosine, guanine, 5′-Phosphoribosyl-N-formylglycinamide, 2-(formamido)-N1-(5′-
phosphoribosyl)acetamidine, and aminoimidazole ribotide were significantly lower in the
GC group than in the IM group.
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In arginine and proline metabolism (Figure 8), the expression levels of S-adenosylmeth-
ioninamine (m/z: 150.0865, [M+Na]+), N-acetylputrescine (m/z: 113.1071, [M+H-H2O]+),
N4-acetylaminobutanal (m/z: 152.0694, [M+Na]+), and N-carbamoyl sarcosine (m/z: 150.0865,
[M+NH4]+) were significantly higher in the GC group than in the IM group, while those
of arginine (m/z: 175.1194, [M+H]+), creatine (m/z: 132.0766, [M+H]+), sarcosine (m/z:
90.0543, [M+H]+), N-methylhydantoin (m/z:, [M+NH4]+), and creatinine (m/z: 136.0467,
[M+Na]+) were significantly lower in GC than in the GC group than in the IM group.

2.6. Alteration of Metabolite Intensities According to GC Stage

Figure 9 shows the significantly altered metabolite intensities according to stage. The
significance of all metabolites was calculated by the analysis of variance (ANOVA) with a
Tukey post hoc test (p ≤ 0.05), using GraphPad Prism. The expression levels of 11 metabo-
lites, including N1, N2-diacetylspermine (m/z: 287.2430, [M+H]+), creatine riboside (m/z:
281.1446, [M+NH4]+), (3z,6z)-3,6-nonadienal (m/z: 161.0922, [M+H]+), N-formyl kynure-
nine (m/z: 237.0870, [M+H]+), S-adenosylmethioninamine (m/z: 339.1629, [M+H-H2O]+),
methionyl-leucine (m/z: 263.1399, [M+H]+), norepinephrine (m/z: 187.1073, [M+NH4]+),
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S-(formylmethyl)glutathione (m/z: 357.1258, [M+NH4]+), methionylphenylalanine (m/z:
297.1287, [M+H]+), oxindole-3-acetate (m/z: 192.0654, [M+H]+), and N1-acetylspermine
(m/z: 230.0954, [M+H]+), significantly increased according to stage.
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3. Discussion

Most patients with GC are diagnosed at an advanced stage, resulting in poor prog-
nosis and limited treatment options [1,25]. Current biomarkers for GC diagnosis and
prognosis have low sensitivity and specificity [26]. Hence, most of the current diagnoses
are based on invasive endoscopy. Thus, less invasive diagnostic tools and more specific
biomarkers must be developed for the early detection of GC [27]. This study aimed to
identify the metabolic alterations caused by GC. PLS-DA showed significant differences
in the metabolic phenotypes during the progression of GC. Our analysis identified key
metabolites, including aldosterone, N-formylkynurenine, GTP, arginine, and creatine ribo-
side, which exhibited distinct alterations from high-impact pathways or stage-dependent
analysis. These metabolites have potential as diagnostic biomarkers for GC, serving as
candidates for the identification and prediction of the disease. To the best of our knowledge,
this is the first metabolomic study to differentiate between GC and IM using tissue samples.

In this study, we extracted 943 significant metabolites from both aqueous and organic
phases. Through pathway enrichment analysis and ANOVA tests with cancer stages, we
aimed to identify potential candidates for discriminating GC from IM samples.

In the pathway analysis, the steroid hormone biosynthesis pathway had the highest
number of hits. Accordingly, it has been hypothesized that the higher GC incidence
rates in men than in women are due to the higher levels of sex steroid hormones [28].
Our results showed significant alterations in the levels of 11beta-ehydroxyandrost-4-ene-
3,17-dione, adrenosterone, etiocholan-3α-ol-17-one 19-hydroxyandrost-4-ene-3,17-dione,
19-oxoandrost-4-ene-3,17-dione, and cortodoxone. The outcomes of this study regarding
sex hormones showed mixed results; however, the levels of several metabolites from the
corticosteroid pathway were consistently lower in GC patients. The level of aldosterone,
which is included in the renin–angiotensin–aldosterone system (RAAS) as an adrenal
component, was also lower in patients with GC in our study. The RAAS influences
cell signaling, migration, death, and metastasis in cancer by balancing multiple receptor
pathways [29]. Lee et al. reported that the use of RAAS inhibitors may be beneficial in
gastrointestinal cancer prevention [30]. Busada et al. have suggested that glucocorticoids
prevent gastric metaplasia by suppressing spontaneous inflammation [31]. They explored
the role of glucocorticoids in the development of gastric inflammation and metaplasia. Our
results suggest that glucocorticoids are essential for maintaining gastric homeostasis, and
glucocorticoid deficiency may lead to GC development.

In tryptophan metabolism, the level of N-formylkynurenine was significantly higher
in the GC group than in the IM group, while those of indole, L-tryptophan, indole acetalde-
hyde, indoleacetate, and L-kynurenine were significantly lower in the GC group than in
the IM group. Tryptophan metabolism is altered in several cancer types [32], including
GC [33]. L-tryptophan, an essential amino acid, has been studied in line with the kynure-
nine pathway, and its depletion is highly associated with cellular function and survival [34].
Tryptophan metabolism induces cancer progression via immunosuppressive responses; a
recent study by Luo et al. concluded that tryptophan metabolism-associated genes could
predict GC prognosis [34]. The level of indoleamine 2, 3-dioxygenase 1, which is a rate-
limiting enzyme that converts tryptophan to kynurenine, is upregulated in multiple types
of cancer, suggesting a possible role in carcinogenesis and as a potential biomarker [35]. In
addition, the lower levels of indole, indole-acetaldehyde, and indoleacetate were observed
in GC; indole metabolites could be formed in the stomach from tryptophan catabolism by
the gut microbiota [36]. Moreover, several novel indole derivatives inhibit NEDDylation
and MAPK pathways in GC cells [37].

Several metabolic alterations have been observed with purine derivatives. Cao et al.
recently performed a pathway analysis using plasma metabolites and proposed that purine
and arachidonic acid metabolism may play important roles in GC progression [38]. In our
study, the GTP levels were significantly higher in patients with GC. Guanylate-binding
protein 5, a member of the GTPase family, upregulates and promotes the proliferation and
migration of GC cells, while the active GTP-bound form of Ras homolog family member
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A promotes tumorigenesis [39]. In addition, guanine nucleotide-binding protein subunit
beta-4 plays a crucial role in the initiation and progression of cancers, including GC [40].
Purine derivatives, including inosine, hypoxanthine, and 5-aminoimidazole ribotide, are
precursors of uric acid that are reduced in hyperuricemia. Uric acid plays an important role
in carcinogenesis owing to its pro- and antioxidant properties, and high levels of uric acid
are associated with cancer [41]. Our results support this finding; however, the connection
between them remains unclear.

Several metabolites involved in arginine and proline metabolism, including S-adenosyl-
methioninamine, N-acetylputrescine, N4-acetylaminobutanal, N-carbamoyl sarcosine, argi-
nine, creatine, sarcosine, N-methylhydantoin, and creatinine, were significantly altered in
the GC group. Several studies have shown a correlation between abnormal amino acid
metabolism and GC; arginine systemically decreased in GC, suggesting that it is a potential
biomarker [42,43]. Creatine plays a key role in the recycling of adenosine triphosphate
(ATP) [44], which is considered an energy currency for all cell behaviors, particularly in
cancer cells, owing to its highly proliferative properties. In colorectal cancer cells, creatine
is phosphorylated by creatine kinase, and phosphocreatine is utilized to provide energy for
cell survival. Furthermore, creatine plays a role in macrophage polarization by inhibiting
the M1-like phenotype and promoting the M2-like phenotype in macrophages [45]. The M2-
like phenotype promotes metastasis and epithelial mesenchymal transition in GC cells [28].
Therefore, GC cells accelerate the physiological process leading to creatine depletion.

Several notable metabolites were identified through ANOVA testing with cancer
stages, including N1, N2-diacetylspermine, creatine riboside, and N-formylkynurenine.
Increasing levels of polyamines such as diacetylspermidine have been suggested as useful
tumor markers for various cancer types, including GC [46]. Although not significant in the
arginine and proline metabolic pathways in our study, creatine riboside is a cancer cell-
derived metabolite that is associated with various cancer types, such as cervical, lung, and
liver cancer, and has shown potential as a poor prognosis biomarker. This observation is
consistent with the findings of the present study, in which the intensity of creatine riboside
increased with increasing stage [47]. N-formylkynurenine was a significant metabolite
in tryptophan metabolism between the GC and IM and showed higher intensity with
increasing stage.

Figure 9 also shows that S-adenosylmethioninamine, methionyl-leucine, and S-(formyl-
methyl)glutathione stand out as promising candidates for the early detection of GC.
S-adenosylmethioninamine is one of the significantly altered metabolites between GC
and IM in the arginine and proline metabolism pathways from the KEGG pathway. S-
adenosylmethioninamine, produced by the decarboxylation of S-adenosylmethionine, serves
as a substrate necessary for the biosynthesis of polyamines such as spermine and spermidine.
Polyamines are essential for the growth, differentiation, and development of eukaryotic cells.
Therefore, an increase in S-adenosylmethioninamine levels promotes polyamine production,
thereby promoting cancer progression [48]. S-(formylmethyl)glutathione is formed by the
conjugation of bioactive compounds, for example, bromoacetaldehyde to glutathione,
facilitated by glutathione S-(formylmethyl)transferase. Bromoacetaldehyde, a highly re-
active compound, is derived from the carcinogen 1,2-dibromoethane [49]. Under con-
ditions of glutathione deficiency, there is a possibility that the aldehyde intermediate,
2-bromoacetaldehyde, may interact with macromolecules, potentially contributing to can-
cer progression. When comparing IM and early GC, these differences were statistically
significant (ANOVA p ≤ 0.05). However, as GC progresses, these differences tend to be-
come more pronounced. Therefore, metabolites that show significant differences in the
late stage may also become significant biomarkers for the early stage when validated in
a larger cohort. Thus, we aim to explore the biomarker potential of these metabolites
through further validation studies, leveraging existing knowledge to guide our selection
and exploration process.

There are several studies on metabolic profiling in gastric cancer (GC), but direct
comparisons with our study are challenging due to differences in study design and control
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samples. Hirayama et al. [20] obtained tumor and surrounding grossly normal-appearing
tissues from 12 stomach cancer patients after surgical treatment, while our study involved
37 patients who underwent esophagogastroduodenoscopy for evaluation and biopsy of
both intestinal metaplasia (IM) and GC lesions. Despite the differences in control tissue
samples, the metabolic profiling of amino acids, particularly tryptophan and arginine
metabolism, was consistent. Other studies have used varied methodologies and control
samples, complicating direct comparisons. For instance, one study focused on nuclear
magnetic resonance spectroscopy to determine macromolecules mainly in urine with some
gastric tissues [21], while another utilized gas chromatography/mass spectrometry metabo-
nomics to fingerprint tumor tissues and matched normal mucosae, identifying significant
lipid metabolites [22]. Additionally, research on gastric cardia cancer employed proteomics
and metabolomics to explore different metabolites in cancerous and non-cancerous tis-
sues [23]. Lastly, a study examining metabolites in tissues and plasma from GC patients,
postoperative GC patients, and control patients with chronic superficial gastritis (CSG)
focused on the balance profile of metabolites between the tumor microenvironment and
the systemic environment, further complicating direct comparisons with this study [24].
These variations highlight the complexity of comparing metabolic profiling results across
different studies and emphasize the need for careful consideration of study design and
control selection.

Our study has several limitations. Despite efforts to control for factors that could
influence the metabolomics results, tissue specificity may have affected the concentrations of
molecules. The heterogeneity of the study group and composition of the cancer tissue could
not be avoided. The small sample size and limited ethnic diversity, primarily Koreans, also
posed significant limitations. Expanding our study to include diverse ethnicities, healthy
controls and a larger sample size could enhance its potential to identify new biomarkers for
GC. There were several significant metabolites that could not be discussed due to the lack
of literature describing them. To overcome these limitations, we would combine the study
results with the gene variations using data from The Cancer Genome Atlas to provide more
accurate and meaningful results in a further study.

4. Materials and Methods
4.1. Study Design and Patient Enrollment

The study protocol was reviewed and approved by the Institutional Review Board
of Korea University Anam Hospital, Seoul, Republic of Korea (16 July 2018; 2018AN0265).
Written informed consent was obtained from all patients prior to their participation in this
study. This study was registered in the open registry of the Clinical Research Information
Service (http://cris.nih.go.kr; KCT0005597 (accessed on 15 August 2024)). Forty patients
with pathologically confirmed GC were recruited from Korea University Anam Hospital
between August 2018 and December 2019. Written informed consent was obtained from all
participants in accordance with the Declaration of Helsinki. The inclusion criteria were as
follows: (1) pathologically diagnosed with GC and (2) aged between 20 and 80 years. The
exclusion criteria were as follows: (1) previously treated for GC, (2) previously treated for
Helicobacter pylori infection, and (3) with inability to discontinue gastrointestinal medication.
Data on demographics, medical history, family history, medications, and laboratory tests
were obtained. Accordingly, two patients with inadequate biopsy specimens and one
patient whose IM were not confirmed during the pathologic test were excluded from the
enrolled cohort. All three patients refused to undergo a restudy. Hence, a total of 37 patients
were analyzed.

4.2. Endoscopic Sampling

All 37 patients underwent esophagogastroduodenoscopy for the evaluation and biopsy
of both IM and GC lesions. Endoscopy was performed between 8 a.m. and 10 a.m.
after more than 8 h of fasting. Gastric mucosal biopsies were performed using standard
gastroscopic forceps to obtain samples measuring 1–2 mm. In each patient, 4 biopsy
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samples were collected, 2 from each of the pathology-confirmed GC lesions and another 2
from the IM lesions, at least 5 cm away from the cancer site. Tissues obtained from odd-
numbered orders were sent to the pathology department for pathological confirmation, and
tissues obtained from even-numbered orders were immediately frozen in liquid nitrogen
and stored at −80 ◦C for further metabolite analysis. The samples were re-evaluated
pathologically to ensure that the biopsies were performed in lesion areas where histological
changes indicative of cancer and IM were present.

4.3. Quality Control Samples

A standard quality control (QC) strategy was employed to ensure reproducibility and
stability. Initially, a pooled (QC) sample of all reconstituted tissue extracts was loaded and
run more than ten times to condition the column before analyzing the study samples, as
described previously [50]. Separate runs were conducted for QC samples of aqueous and
organic extracts.

4.4. Sample Treatment for Metabolite Extraction

Tissue samples (5–10 mg) were added to pre-chilled 50% methanol (MeOH) to obtain
aqueous metabolites. The volume of the solution was adjusted according to the weight
of the sample starting with a maximum weight of 30 µL/mg. Tissue was sonicated and
centrifuged at 13,000× g for 20 min, at 4 ◦C. Supernatant aliquots were transferred to
Eppendorf tubes. Samples were spun in a vacuum concentrator for 3 h at 45 ◦C until dry,
and stored at −40 ◦C until analysis. The aqueous pellet was redissolved in 60 µL of solvent
mixture of acetonitrile (ACN) and water in 95:5 ratio and transferred into a new Eppendorf
tube after centrifugation for 20 min at 13,000× g at 4 ◦C.

Organic extracts were harvested from the residual pellets of the aqueous extract.
Following aqueous extraction, a solution of pre-chilled dichloromethane/MeOH (3:1) was
added to the residual pellet. The volume of the solution was proportional to the sample
weight (as described in the previous paragraph; aqueous extraction). The samples were
then centrifuged at 13,000× g for 20 min, and the organic phase supernatant was aliquoted
into glass vials. The samples were allowed to evaporate overnight at room temperature in
an extractor hood and stored at −40 ◦C until analysis. The dry residue was redissolved in
60 µL of water/ACN/isopropanol (1:1:2). The supernatant was centrifuged (5000× g, 4 ◦C,
10 min), as previously described [51].

4.5. Analysis of Metabolites by Liquid Chromatography with Tandem Mass Spectrometry

An ultra-performance liquid chromatography system (UPLC; Agilent 1260 Infinity
Quaternary, Santa Clara, CA, USA) coupled with an Agilent liquid chromatography with
tandem mass spectrometry (LC-MS/MS) was performed using a Q-TOF 6550 iFunnel
Q-TOF mass spectrometer (Agilent) for metabolomic profiling. The samples were analyzed
using C18 Synchronis aQ (1.9 µm, 100 × 2.1 mm; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The autosampler and column temperatures were maintained at 10 ◦C and 45 ◦C,
respectively. Solvent A comprised 0.1% formic acid in water (HPLC grade, Tedia, OH,
USA), while solvent B comprised 0.1% formic acid in acetonitrile (HPLC grade, Tedia, OH,
USA). The injection volume and flow rate were 5 µL/min and 0.4 mL/min, respectively.
The HPLC gradient was programmed as follows: 95% water for 1 min, a linear decrease to
55% water over 8 min, a descending gradient to 10% water over 3 min, hold for 1.5 min,
and a return to 95% water over 0.1 min. The electrospray ionization detector was operated
with a curtain gas of 35 psi at 250 ◦C, supplied at 14 mL/min, and a sheath gas temperature
of 250 ◦C, supplied at a flow rate of 11 mL/. Ion detection was set from 50 to 1000 with
a resolution of 20,000 over 15 min. All samples were run in triplicate, and data for each
ionization technique were acquired in the positive ion mode.
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4.6. Alteration of Metabolite Intensities Caused by GC Corrected with Stage

Multivariate analysis was conducted using apLCMS within an ion range of 50 to 1000
based on the mass spectral data [52], the R package xMSanalyzer [53], and xmsPANDA [54,55]
for aqueous and organic extracts. In the Manhattan plot, the y-axis represents the negative
log of the p-values, while the x-axis represents m/z. Significant metabolites were selected
using an FDR q-value of ≤0.05 with the Manhattan plot. Prior to model fitting, the features
were normalized to the median, log2 transformed, and Pareto scaled values. Unsupervised
PCA and supervised sPLS-DA were performed to visualize the metabolic differences be-
tween the IM and GC. In the sPLS-DA, the first component of the variable importance in
projection (VIP) value > 1.5 from sPLS-DA was considered influential for the separation of
samples. The pathway analysis was considered significant if five or more m/z values were
changed. The annotation of m/z values was matched to metabolites from mass spectrome-
try databases, including xMSannotator, Human Metabolome Database, and KEGG [56–60].
MetaboAnalyst 5.0 software (www.metaboanalyst.ca) was used to determine the influence
of these metabolites on the carcinogenic transformation from IM to GC. The number of
pathway hits was calculated, and four or more hits were considered significant.

5. Conclusions

In this study, we successfully identified significant metabolic differences between IM
and GC using a comprehensive metabolomic approach. The steroid hormone biosynthesis,
tryptophan metabolism, purine metabolism, and arginine and proline metabolism were altered
significantly. Aldosterone, N-formylkynurenine, GTP, arginine, S-adenosylmethioninamine,
and creatine riboside showed distinct alterations, highlighting their potential as diagnostic
biomarkers for GC. Additionally, the correlation of certain metabolite intensities with
the stage of GC progression suggests their utility not only in early diagnosis but also in
monitoring disease advancement.

These findings provide valuable insights into the metabolic alterations associated
with gastric carcinogenesis and offer promising biomarkers for the early detection and
prognosis of GC. While our current study utilized invasive endoscopic sampling to identify
these key metabolites, subsequent studies should aim to validate these biomarkers using
noninvasive methods such as blood or urine tests. Furthermore, validation in larger and
more diverse cohorts is essential to explore their potential as noninvasive diagnostic tools.
The identification and application of these biomarkers could improve patient outcomes
through early detection and targeted therapeutic strategies.
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Abstract: Progressive supranuclear palsy (PSP) is a rare, neurodegenerative movement disorder.
Together with multiple system atrophy (MSA), Dementia with Lewy bodies (DLB), and corticobasal
degeneration (CBD), PSP forms a group of atypical parkinsonisms. The latest diagnostic criteria,
published in 2017 by the Movement Disorders Society, classify PSP diagnosis into defined, probable,
and possible categories based on clinical examination. However, no single test is specific and sensitive
for this disease. Microribonucleic acids (miRNAs) are promising molecules, particularly in the case
of diseases that lack appropriate diagnostic and treatment tools, which supports exploring their role
in PSP. We aimed to systematically review the current knowledge about the role of miRNAs in PSP.
This study was registered in the Open Science Framework Registry, and the protocol is available
online. Primary original studies, both clinical and preclinical, written in English and assessing
miRNAs in PSP were included. Systematic reviews, meta-analyses, reviews, case reports, letters
to editors, commentaries, conference abstracts, guidelines/statements, expert opinions, preprints,
and book chapters were excluded. The following five databases were searched: Embase, Medline
Ultimate, PubMed, Scopus, and Web of Science. Each database was last searched on 18 June 2024.
Eventually, nine original studies relevant to the discussed area were included. The risk of bias was not
assessed. The selected research suggests that miRNAs may be considered promising biomarkers in
PSP. However, the exact involvement of miRNAs in the pathogenesis of PSP is still to be determined.
Several microRNAs were found to be dysregulated in patients with PSP. This applies to both brain
tissue and fluids like cerebrospinal fluid CSF or blood. Several miRNAs were found that could
potentially be helpful in differentiating among PSP patients, PD patients, and healthy individuals.
Although some correlations and alterations have already been found, this field requires much more
research. MicroRNAs are exciting and promising small molecules, and their investigation into many
diseases, including PSP, may lead to significant discoveries.

Keywords: progressive supranuclear palsy; microRNAs; biomarkers; atypical parkinsonian disorders

1. Introduction
1.1. Progressive Nuclear Palsy Diagnostic Criteria

Progressive supranuclear palsy (PSP) is a rare, neurodegenerative movement disor-
der. Together with multiple system atrophy (MSA), Dementia with Lewy bodies (DLB),
and corticobasal degeneration (CBD), PSP forms a group of atypical parkinsonisms [1].
Neurodegeneration is caused by intracellular amyloidogenic protein aggregation.
Parkinson’s Disease (PD), MSA, and DLB are referred to as synucleinopathies resulting
from abnormal deposition of α-synuclein in brain cells, while PSP and CBD are referred
to as tauopathies resulting from abnormal deposition of tau protein [2]. The first descrip-
tion of PSP was published in 1964. Even after 60 years, the diagnosis of this condition
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is still primarily based on clinical examination, with definitive confirmation achievable
only through neuropathological examination of brain tissue, during which the aggregation
of tau protein can be detected [3]. PSP is often underdiagnosed and frequently misdiag-
nosed as PD, especially in the early stages of the disease [4]. Despite some overlapping
symptoms, PSP is characterized by distinct syndromes essential to distinguishing it from
PD [5]. The latest diagnostic criteria, published in 2017 by the Movement Disorders Society,
classify PSP diagnosis into defined, probable, and possible categories based on clinical
examination [6]. PSP has many subtypes that differ in their clinical presentation, especially
in the early stages [7]. The most common is PSP-Richardson syndrome, with vertical
ocular motor dysfunction and the early beginning of postural instability [8]. Others in-
clude PSP-OM with an initial presentation in ocular motor dysfunction, PSP-P with a
very similar clinical presentation to PD, PSP-PI with an early onset of postural instability,
PSP-F with initial symptoms such as frontotemporal dementia, PSP-CBS with corticobasal
syndrome, PSP-PGF with progressive gait freezing, and PSP-SL with an early manifestation
of speech/language disorders [3,6,9–12]. The criteria primarily concern reaching high
specificity and sensitivity in the diagnosis of PSP in general, and then also describe criteria
for specific subtypes. The core diagnostic criteria include the most characteristic clinical
symptoms of the disease including the following: ocular motor dysfunction, postural
instability, akinesia, and cognitive dysfunction. The supportive features include levodopa
resistance, a characteristic of atypical parkinsonism, hypokinesia, spastic dysarthria, dys-
phagia, and photophobia. Additionally, imaging tests can reveal midbrain atrophy [7].
In PSP, the grey matter of the brain is particularly affected. Studies describe grey matter
reductions in subcortical and cortical areas in the frontal motor cortices, in the medial
and lateral frontal cortices, and in the insula, striatum, thalamus, anterior cerebellum, and
midbrain [13]. Degeneration of the midbrain can be found with MRI, which can help make
the diagnosis [14].

1.2. Epidemiology

Diagnostic difficulties and low disease awareness make it difficult to create high-quality
epidemiological data. The prevalence of this disease is approximately 7 per 100,000 people and
increases with age [15]. Additionally, the average age of diagnosis is 72 years old with no
gender predominance [16]. Because of the non-specific onset of the disease, diagnosis is
usually delayed by 3–4 years from the onset of the first symptoms [6]. Most often, PSP is
misdiagnosed as PD, Alzheimer’s Disease (AD), cognitive disorders, or depression [15]. As
a fatal, incurable condition, the median survival of PSP patients is estimated at 5–8 years
and depends on the phenotype of the disease [17,18]. However, survival data may vary
because of differences in the definition of survival, either from symptom onset to death
or from date of diagnosis to death [19]. The only confirmed risk factor for the disease is
age, while some environmental factors, such as exposure to metals or chemicals, stress, and
hypertension, are described as additional potential risk factors [20].

1.3. Problems in Clinical Practice

Lack of knowledge about PSP among general practitioners leads to delays in diagno-
sis, which poses difficulties in precisely describing the course of the disease and potential
premorbid or early-stage factors and biomarkers [21]. However, even if the disease is
diagnosed early, no disease-modifying therapies are yet available [22]. Furthermore, symp-
tomatic treatment in most cases, especially in advanced stages, is also insufficient. Among
patients with PSP, the effect of using levodopa is weak; it slightly relieves symptoms and
has no impact on disease duration. Treatment focuses on alleviating symptoms separately,
e.g., toxinum botulinum is used for eyelid opening [23]. Deep brain stimulation (DBS),
commonly used in PD, was tested in PSP patients and showed no benefits [24]. In addi-
tion, some clinical trials tested tau-targeted therapy, but all were in the early stages [25].
PSP-specific biomarkers and targeted, effective treatment need to be further explored.

91



Int. J. Mol. Sci. 2024, 25, 8243

1.4. MicroRNAs as Novel Biomarkers

Microribonucleic acids (miRNAs, miRs) are small non-coding RNA molecules con-
sisting of about 22 nucleotides [26]. They play an essential role in the regulation of gene
expression. They can bind to an mRNA molecule, inhibiting mRNA translation or even
leading to mRNA degradation [27]. Since their discovery in 1993 [28], they have been
eagerly investigated in various conditions. MiRNA expression levels are altered in multiple
diseases, including cardiovascular diseases, e.g., myocarditis [29–31] or aortic stenosis [32],
Duchenne Muscular Dystrophy [33], and, more importantly, also neurodegenerative dis-
eases like Alzheimer’s Disease, Parkinson’s Disease, and triplet repeat disorders [34].
MiRNAs can be found in solid tissues and fluids, e.g., blood, cerebrospinal fluid, and
saliva [35]. This makes them promising potential biomarkers that could serve as diag-
nostic tools, particularly useful in conditions for which diagnosis is made in advanced
stages of the disease, such as in PSP. MicroRNAs were also reported to help distinguish
among the severities of various diseases [36,37]. Moreover, they can potentially be used
to identify good- and poor-responders before treatment implementation [38]. Whether
alterations in miRNA levels are causative of the investigated diseases or are only the result
of a given condition must be determined for each disease individually. If such a cause-and-
effect relationship is established, it opens the door for novel therapies based on synthetic
oligonucleotides [39]. MicroRNAs are promising molecules, particularly in the case of
diseases that lack appropriate diagnostic and treatment tools, which supports exploring
their role in PSP.

We aimed to systematically review the current knowledge about the role of miRNAs
in PSP. We aimed to answer the following questions: (1) Can miRNAs differentiate patients
with PSP from healthy people? (2) Can miRNAs differentiate patients with PSP from
patients with other forms of atypical parkinsonism? (3) Can miRNAs differentiate patients
with PSP from patients with Parkinson’s disease? (4) Are miRNA levels altered in an animal
model of progressive supranuclear palsy?

2. Methods

This systematic review was conducted according to the PRISMA 2020 Statement [40].
This study was registered in the Open Science Framework Registry, and the is protocol
available online (DOI: https://doi.org/10.17605/OSF.IO/YSBQV).

Primary original studies, both clinical and preclinical, written in English and assess-
ing miRNAs in PSP were included. Systematic reviews, meta-analyses, reviews, case
reports, letters to editors, commentaries, conference abstracts, guidelines/statements, ex-
pert opinions, preprints, and book chapters were excluded. The following five databases
were searched: Embase, Medline Ultimate, PubMed, Scopus, and Web of Science, by the
following query: “(“miRNA” OR “microRNA”) AND (“PSP” OR “progressive supranu-
clear palsy” OR “progresive supranuclear palsy” OR “progressive supranucleal palsy”
OR “progressive supranuclear palssy” OR “Steele–Richardson–Olszewski syndrome”)”,
which yielded a total of 262 records. Each database was last searched on 18 June 2024. For
each screening stage, we used 2 screeners working together (not independently). Final
decisions in arguable cases were reached by a consensus between the 2 screeners. Data
from each included work were extracted by a single extractor independently. In the case of
any doubts, the issue was discussed with the other extractor.

The following data were extracted from each included paper: study characteristics:
sample sizes, methodology used, year of publication, changes in miRNA levels among
compared groups, and results of receiver operating characteristic (ROC) analysis (area
under the ROC curve [AUC] with 95% CI). The risk of bias was not assessed.

After removing 121 duplicates, the remaining 141 records were screened by title and
abstract. This yielded 16 records that met the inclusion/exclusion criteria. All 16 studies
were retrieved in complete form. The complete data reports were evaluated for eligibility,
excluding 7 studies as follows: 6 because of paper type (only abstract/poster as a post-
conference material) and 1 because of inappropriateness. Eventually, 9 original studies
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relevant to the discussed area were included (Figure 1). The small number of included
research papers allowed us to discuss and summarize all the existing knowledge in this
field thoroughly.
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Figure 1. The flowchart for the selection process; n—number of studies.

We divided these studies into the following parts: (i) miRNA changes in a PSP animal
model, (ii) miRNA changes in human brain tissues of PSP patients, and (iii) miRNA changes
in the body fluids (CSF, blood/serum/plasma) of PSP patients.

3. Results and Discussion
3.1. miRNA Changes in a Progressive Supranuclear Palsy Animal Model

Lauretti et al. investigated miRNA changes in the mice model of tauopathy, which
also encompasses PSP. They used wild-type C57BL/6 and hTau mice, which do not express
endogenous mice tau but express all six isoforms of human tau protein. First, they compared
the expression levels of several miRNAs in brain tissues (cortex, hippocampus, cerebellum)
of hTau mice to their expression levels in wild-type mice at different time points. They
found that miR-22-3p, miR-132-3p, miR-146a-5p, and miR-455-5p in the hippocampus and
miR-132-3p and miR-146a-5p in the cerebellum were increased when assessed at the age
of 12 months. At six months, miR-132-3p and miR-146a-5p in the cerebellum were also
increased, but in the hippocampus, only miR-146a-5p was increased. At three months, there
was no difference between hTau and wild-type mice. In addition, the authors assessed the
time-related changes in hTau and wild-type mice. Exciting patterns were found in the cortex
of wild-type mice; mir-22-3p, miR-132-3p, and miR-146a-5p increased over time, while no
change was seen in hTau mice. In contrast, in the hippocampus of hTau mice, miR-132-3p
and miR-146a-5p increased over time, while no change was found in wild-type mice. In
the cerebellum of both hTau and wild-type mice, miR-22-3p decreased over time, while
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miR-146a decreased only in wild-type mice [41]. The studies discussed in this subsection
with additional data are summarized in Table 1.

Table 1. Summary of recent studies regarding miRNA changes in a progressive supranuclear palsy
animal model.

Ref. Year Population Comparison miRNA Outcome Methodology

[41] 2021

hTau mice
(n = 3–8/group
depending on

the experiment)

wild-type
C57BL/6J mice
(n = 3–8/group
depending on

the experiment)

miR-22-3p,
miR-132-3p,
miR-146a-5p,
miR-455-5p

12 months of age: ↑ miR-22-3p,
miR-132-3p, miR-146a-5p,

miR-455-5p in the hippocampus and
↑ miR-132-3p, miR-146a-5p in the

the cerebellum of hTau mice
6 months of age: ↑ miR-146a-5p in

the hippocampus and ↑ miR-132-3p,
miR-146a-5p in the the cerebellum

of hTau mice
3 months of age: no difference

miRNA in brain
tissues (cortex,
hippocampus,
cerebellum) by

qRT-PCR

↑—increased, miR/miRNA—microRNA, n—number of individuals, qRT-PCR—quantitative reverse transcription-
polymerase chain reaction, ref.—reference, RNA—ribonucleic acid.

3.2. miRNA Changes in Human Brain Tissues of Progressive Supranuclear Palsy Patients

Smith et al. examined the following five miRNAs: miR-9, miR-124, miR-132, miR-
137, and miR-153. MiRNA levels were measured in brain samples from PSP patients
and healthy controls. Specifically, in the temporal, parietal, and prefrontal lobes. MiR-9,
miR-124, miR-132, miR-137, and miR-153 increase the 3R-tau level, while miR-9, miR-132,
and miR-137 decrease 4R-tau. The study confirmed that the 4R:3R-tau ratio was elevated
in PSP patients compared with the healthy control group. MiR-132 expression was signif-
icantly decreased in the temporal lobes of PSP patients compared with healthy controls,
and there were no differences for the other miRNAs. Moreover, the correlation between
miR-132 levels and polypyrimidine tract binding protein 2 (PTB2) was examined. The
results showed that miR-132 targets PTB2, which is increased in PSP patients and may lead
to aberrant splicing of tau exon 10, increasing the risk of tauopathy [42].

Tatura et al. investigated miRNA in PSP in two steps. First, a microarray was
performed to find dysregulated miRNA in the frontal lobe tissue of PSP patients com-
pared to healthy controls. The test showed that four miRNAs were significantly dys-
regulated. MiR-147a and miR-518e were significantly upregulated in the PSP patients’
forebrains, while miR-504 and miR525-3p were significantly decreased. Confirmation of the
results was performed using quantitative reverse transcription-polymerase chain reaction
(qRT-PCR), which showed significant changes only in the levels of miR-147a and miR-518e,
with no significant changes in the other two. In addition, the expression of genes targeted
by miR-147a—NF1, ACLY, and ALG12—and by miR-518e—CPEB1 and JAZF1—was also
examined. The results showed repression of these genes in the frontal lobe tissue of PSP
patients, which correlated with increased expression of miR-147a and miR-518e. The tar-
geted genes play a role in various cellular functions, so researchers suggested that their
downregulation may be associated with disease occurrence [43]. Both studies discussed in
this subsection, along with additional data, are summarized in Table 2.
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Table 2. Summary of recent studies regarding miRNA changes in human brain tissues of progressive
supranuclear palsy patients.

Ref. Year Population Comparison miRNA Outcome Methodology

[42] 2011 8 PSP pts 8 HCs

miR-9, miR-124,
miR-132,
miR-137,
miR-153

↓ miR-132 in the temporal lobes of
PSP patients compared with HCs

miRNA in brain
tissues by
qRT-PCR

[43] 2016 20 PSP pts 20 HCs

miR-147,
miR-518e,
miR-504,

miR-525-3p

↑ miR-147a and miR-518e in the
frontal lobes of PSP patients

compared with HCs

miRNA in
frontal lobe

tissue by
qRT-PCR

↑—increased, ↓—decreased, HCs—healthy controls, miR/miRNA—microRNA, PD—Parkinson’s Disease,
PSP—progressive supranuclear palsy, pts—patients, qRT-PCR—quantitative reverse transcription-polymerase
chain reaction, ref.—reference, RNA—ribonucleic acid.

3.3. miRNA Changes in the Body Fluids (Cerebrospinal Fluid, Blood/Serum/Plasma) of Progressive
Supranuclear Patients

Starhof et al. evaluated the differences in the expression of 46 various miRNAs
between PD patients with two atypical parkinsonism diseases—MSA and PSP—and a
healthy control group. They measured miRNA expression levels in CSF and plasma. The
results of the CSF examination showed that miR-106b-5p could differentiate between PD
and PSP effectively. Similarly, miR-218-5p measured in plasma separated PSP and PD
with good efficacy. However, no similarities were found between the results obtained in
plasma and CSF. Furthermore, the relationship between α-synuclein and miRNA levels
was examined, but no significant correlation was found [44].

Manna et al. evaluated the expression levels of several miRNAs in cohorts of PSP
and PD patients and healthy controls. They found that miR-22-3p and miR-425-5p were
upregulated in PSP patients compared with healthy controls, but this difference appeared
non-significant after appropriate adjustments. However, the most efficient miRNA profile
(miR-425-5p, miR-21-3p, miR-223-5p, miR-22-3p, miR-29a-3p, miR-483-5p) presented an
AUC of 0.90 in differentiating between PSP patients and healthy controls. Furthermore,
the authors found that miR-425-5p, miR-21-3p, and miR-199a-5p decreased in PSP pa-
tients compared with PD patients, and the differences remained significant even after
adjustments. ROC analysis of these three miRNAs showed an AUC of 0.86 in discrimi-
nating between PSP and PD patients. Additionally, the best miRNA profile (consisting of
miR-21-3p, miR-199a-5p, miR-425-5p, miR-483-5p, miR-22-3p, and miR-29a-3p) had an
AUC of 0.91 in this setting. The authors analyzed the potential pathways of dysregulated
miRNAs, and they found that the pathways most involved were fatty acid biosynthesis,
ECM-receptor interaction, fatty acid metabolism, and the Hippo signaling pathway [45].

Nonaka et al. undertook an interesting study that included PSP patients and age-
and sex-matched controls. They assessed miRNA levels in CSF, which makes it poten-
tially useful in a clinical setting. The authors used a microarray technique capable of
determining 2632 various miRNAs, of which 1104 were detectable in samples from both
groups. They found that 38 different miRNAs were increased, while miR-6840-5p was
decreased in PSP patients compared with controls. Unfortunately, the authors did not
validate their results using the qRT-PCR method. However, they selected the two most
upregulated and the most downregulated miRNAs in early-stage PSP patients (which
were defined as patients who underwent neurological evaluation within two years of
symptom onset) and then compared the levels of these miRNAs among early-stage PSP,
advanced-stage PSP, and controls. Upregulation of miR-204-3p and miR-873-3p and
downregulation of miR-6840-5p were found in early-stage PSP patients compared with
controls. Similarly, miR-204-3p and miR-873-3p were increased, and miR-6840-5p was
increased in advanced-stage PSP patients compared with controls. None of these miRNAs
had altered expression levels between early-stage and advanced-stage PSP patients [46].
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Ramaswamy et al. conducted a multi-stage study investigating plasma miRNAs’ po-
tential role in PSP diagnosis. First, they performed miRNA profiling and found
28 dysregulated miRNAs in PSP patients; 23 were upregulated, while five were downreg-
ulated compared with healthy age-matched controls. Then, they evaluated miR-19b-3p,
miR-33a-5p, miR-130b-3p, miR-136-3p, and miR-210-3p using the qPCR method. As ex-
pected, all the above miRNAs were upregulated in PSP patients compared to controls,
consistent with the profiling results. The authors also studied the utility of these miRNAs in
PSP diagnosis with ROC analysis. They found that miR-19b-3p, miR-33a-5p, miR-130b-3p,
miR-136-3p, and miR-210-3p had an AUC of 0.7059, 0.8578, 0.7778, 0.7882, and 0.7810,
respectively. They also assessed the diagnostic value of the combination of all five miRNAs
and calculated an AUC of 0.7817 with a specificity of 66.67% and a sensitivity of 72.41%.
Surprisingly, this multi-miRNA panel presented a lower AUC than, e.g., miR-33a-5p
alone, which suggests not incorporating some of these miRNAs into such a panel. The
authors also investigated the predicted target genes of the evaluated miRNAs, and they
found 48 different pathways involved, of which 12 were targeted by at least two different
miRNAs. Listing all the genes potentially targeted by these miRNAs is out of the scope of
this review [47].

Simoes et al. investigated various non-coding RNAs as potential diagnostic tools
in PSP patients. In addition to miRNAs, which we discuss below, they also measured
piwi-interacting RNAs (piRs) and transfer RNAs. The authors measured miRNA con-
centrations in both serum and CSF. Nevertheless, the miRNAs that presented enough
amplification to be analyzed differed in these two fluids. The only repeated one was
piR-31068, but no correlation was found in its expression level between serum and CSF.
Nonetheless, miR-92a-3p and miR-626 were shown to be downregulated in the serum of
PSP patients compared with healthy controls. On the other hand, let-7a-5p was found to be
upregulated in the CSF of PSP patients. The authors searched for potential target genes of
dysregulated miRNAs. For miR-92a-3p, they identified the extracellular matrix–receptor
interaction and regulation of the actin cytoskeleton as potentially involved pathways, while
for miR-626, the epidermal growth factor receptor pathway, estrogen signaling pathway,
and the phosphatidylinositol signaling system were identified. The potential targets for
let-7a-5p were involved in the following pathways: cell cycle, lysine degradation, hippo
signaling pathway, oocyte meiosis, extracellular matrix–receptor interaction, adherens
junctions, and thyroid hormone signaling pathways [48].

Pavelka et al. conducted a study that included PSP patients, PD patients, and healthy
controls. They performed miRNA profiling in whole blood samples with microarrays. They
evaluated the differences in expression levels among the studied groups, and the potential
diagnostic utility was assessed with ROC analysis. It was found that when compared
with healthy controls, PSP patients presented upregulation of nine miRNAs, namely,
miR-2115-5p, miR-4270, miR-505-3p, miR-769-5p, miR-3065-3p, miR-4638-5p, miR-197-3p,
let-7d-3p, and miR-1225-5p, and downregulation of seven miRNAs, specifically, miR-4762-3p,
miR-7975, miR-1233-5p, miR-6085, miR-125a-3p, miR-4465, and miR-564. Interestingly,
the authors found no differences between PSP and PD patients in miRNA expression
when adjusted for sex and age. Analysis with ROC revealed that miRNA panels were
helpful in differentiating between PSP patients and healthy controls. In differentiating PSP
and PD patients, miRNAs did not show high utility. However, miRNAs were potentially
more useful in distinguishing between early-stage PSP and early-stage PD patients. In
the analysis of predicted target genes, the most prominently affected pathway was the
“BioCarta natural killer (NK) cell pathway” [49]. All studies discussed in this subsection
with additional data are summarized in Table 3.
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Table 3. Summary of recent studies regarding miRNA changes in body fluids (cerebrospinal fluid,
blood/serum/plasma) of progressive supranuclear patients.

Ref. Year Population Comparison miRNA Outcome Methodology

[44] 2019 32 PSP pts
37 PD pts

29 MSA pts
23 HCS

46 various
miRNAs

ROC analysis (PD vs. PSP)
CSF: miR-106b-5p AUC 0.85 (95% Cl: 0.757–0.945)

plasma: miR-218-5p AUC 0.71 (95% Cl: 0.594–0.826)

miRNA in CSF
and plasma by

qRT-PCR

[45] 2021 20 PSP pts 40 PD pts
33 HCs

miR-425-5p,
miR-21-3p,

miR-223-5p,
miR-22-3p,
let-7i-5p,

miR-199a-5p,
miR-29a-3p,
miR-483-5p

↓ miR-425-5p, miR-21-3p, and miR-199a-5p in PSP
pts compared with PD pts
ROC analysis (PSP vs. PD)

combination of miR-425-5p, miR-21-3p, and
miR-199a-5p with AUC 0.86 (95% CI: 0.74-0.97)

combination of miR-21-3p, miR-199a-5p, miR-425-5p,
miR-483-5p, miR-22-3p, and miR-29a-3p with AUC

0.91 (95% CI: 0.82–1.00)

exosomal miRNA
in serum by

qRT-PCR

[46] 2022 11 PSP pts
8 age- and

sex-matched
controls

2632 various
miRNAs

↑ 38 various miRNAs and ↓ miR-6840-5p in PSP pts
compared with controls

↑ miR-204-3p and miR-873-3p and ↓ miR-6840-5p in
early-stage PSP pts compared with controls

↑ miR-204-3p and miR-873-3p and ↓ miR-6840-5p in
advanced-stage PSP pts compared with controls

miRNA in CSF by
microarray

analysis

[47] 2022 18 PSP pts 17 age-matched
HCs

miR-19b-3p,
miR-33a-5p,

miR-130b-3p,
miR-136-3p,
miR-210-3p

↑ miR-19b-3p, miR-33a-5p, miR-130b-3p,
miR-136-3p, miR-210-3p in PSP pts

ROC analysis:
miR-19b-3p AUC 0.7059
miR-33a-5p AUC 0.8578

miR-130b-3p AUC 0.7778
miR-136-3p AUC 0.7882
miR-210-3p AUC 0.7810

combination of all five miRNAs:
AUC 0.7817 (95% CI: 0.7126–0.8508)

miRNA in plasma
by qPCR

[48] 2022 31 PSP pts 20 age- and
sex-matched HCs

let-7a-5p,
let-7b-5p,

let-7f-2-3p,
miR-1-3p,
miR-16-5p,

miR-92a-3p,
miR-148a-3p,

miR-626,
miR-3168

↓ miR-92a-3p, miR-626 in serum of PSP pts
↑ let-7a-5p in CSF of PSP pts

miRNA in CSF
and serum by

qRT-PCR

[49] 2024 35 PSP pts 367 PD pts
416 HCs

2549 various
miRNAs

↑ miR-2115-5p, miR-4270, miR-505-3p, miR-769-5p,
miR-3065-3p, miR-4638-5p, miR-197-3p, let-7d-3p,
and miR-1225-5p and ↓ miR-4762-3p, miR-7975,

miR-1233-5p, miR-6085, miR-125a-3p, miR-4465, and
miR-564 in PSP pts compared with HCs

no difference in miRNA expression between
PSP and PD pts

miRNA in whole
blood by

microarray analysis

↑—increased, ↓—decreased, AUC—area under the ROC curve, CI—confidence interval, CSF—cerebrospinal
fluid, HCs—healthy controls, miR/miRNA—microRNA, MSA—multiple system atrophy, qPCR—quantitative
polymerase-chain-reaction, PD—Parkinson’s Disease, PSP—progressive supranuclear palsy, pts—patients,
qRT-PCR—quantitative reverse transcription-polymerase chain reaction, ref.—reference, RNA—ribonucleic acid,
ROC—receiver operating characteristic.

4. Discussion

Multiple microRNAs were found to be dysregulated in patients with PSP. This applies
to both brain tissue and fluids like CSF or blood. Nevertheless, in general, miRNAs found
to be altered in PSP do not overlap among the studies. This can be explained by the intrinsic
limitations of research on miRNAs. In most studies, the researchers first explore potentially
altered miRNAs in a small cohort of patients using microarrays. Then, they choose several
miRNAs whose concentrations are altered the most significantly and perform qRT-PCR
validation of these miRNAs on a bigger cohort of patients. Potentially, all miRNAs could
be assessed with qRT-PCR, but this would be unreasonable in terms of the costs and time
needed to perform such a study. Therefore, miRNAs that enter the validation step may
substantially differ among studies since the first step is most often performed on four to
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five patients, and the effect size of miRNA alteration may significantly differ among studies
even if the direction is consistent. The potential solution to overcome this limitation is to
include miRNAs known to be altered from previous studies in the validation step; however,
it is not always performed.

Notably, the measurement methods differed significantly among the analyzed studies.
Only a few studies used qRT-PCR as a validation tool, while the others utilized microarrays
alone, making it challenging to draw unambiguous conclusions.

However, miR-132 is worth mentioning in this context since it was upregulated in the
cerebellum and hippocampus of mice models and downregulated in the temporal lobe of
PSP patients. The opposite alteration could have been caused by (1) different brain parts
where miRNAs were measured, (2) the fact that it was a mice model of tauopathy and not
of PSP per se, and (3) the possibility that the mice model does not represent PSP in humans
ideally. Interestingly, miR-132 is also downregulated in the brain of patients suffering from
Alzheimer’s Disease, which is also a tauopathy like PSP [50].

As presented throughout this review, many studies not only compared the expression
levels between PSP patients and healthy controls or PD patients, but they also performed an
ROC analysis, which found several miRNAs that are potentially helpful in differentiating
among PSP patients, healthy individuals, and PD patients. Nevertheless, we did not find
a study that compared PSP patients with patients suffering from other forms of atypical
parkinsonism. Although the study by Starhof et al. [43] included patients with MSA, the
authors did not compare miRNA levels between PSP and MSA patients. Therefore, we
cannot appropriately answer the question (2) Can miRNAs differentiate patients with PSP
from patients with other forms of atypical parkinsonism?

Furthermore, although there are several subtypes of PSP, only a few studies presented
exact patient characterizations with the number of each subtype. However, even in those
studies, there was no analysis comparing the miRNA levels among various PSP subtypes.

5. Conclusions and Future Perspectives

The discussed studies suggest that miRNAs may be considered promising biomarkers
in PSP. However, the exact involvement of miRNAs in the pathogenesis of PSP is still to be
determined. Nevertheless, the observed alterations in miRNA concentrations, if validated
by further research, may lead to the creation of a multi-biomarker panel. Including more
miRNAs in such a panel would be associated with higher sensitivity and specificity but, on
the other hand, it would lead to higher costs. Therefore, cost-effectiveness analysis would
be needed to create a precise and affordable panel for use in daily clinical practice.

Although some correlations and alterations have already been found, this field requires
much more research. Nevertheless, there are some difficulties, e.g., the fact that this
condition is rare. For future research, we recommend validating results with qRT-PCR. It
would be of great value to perform a study that includes healthy individuals from whom
blood samples are collected at baseline and then correlate the baseline miRNA expression
levels with PSP occurrence. This would require a prominent follow-up period of about
20-40 years. However, this could be performed using biobanks like the U.K. Biobank.

Another interesting research field is comparing various PSP subtypes. Finding molec-
ular biomarkers could even lead to reclassification, which is currently based primarily on
clinical presentation.

MicroRNAs are exciting and promising small molecules, and their investigation into
many diseases, including PSP, may lead to significant discoveries. Figure 2 presents a
comprehensive summary of the current knowledge about the role of miRNAs in PSP.
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6. Limitations

We must disclose a few limitations of this systematic review. First, this study reviewed
only miRNAs and no other non-coding RNAs. Nevertheless, such a narrowing of the
research topic allowed us to discuss it exhaustively within the space expected of a review
paper. Secondly, this systematic review included different study types. However, this can
be explained by a very limited amount of research in the field. Last, we did not assess the
risk of bias, which may limit drawing firm conclusions. However, this might not be pivotal
to such a small number of studies available.
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Abstract: Previous studies reported the expression of toll-like receptors (TLRs), merely TLR2 and
TLR4, and complement fragments (C3a, C5b9) in vitreoretinal disorders. Other than pathogens,
TLRs can recognize endogenous products of tissue remodeling as damage-associated molecular
pattern (DAMPs). The aim of this study was to confirm the expression of TLR2 and TLR4 in
the fibrocellular membranes and vitreal fluids (soluble TLRs) of patients suffering of epiretinal
membranes (ERMs) and assess their association with disease severity, complement fragments and
inflammatory profiles. Twenty (n = 20) ERMs and twelve (n = 12) vitreous samples were collected at
the time of the vitrectomy. Different severity-staged ERMs were processed for: immunolocalization
(IF), transcriptomic (RT-PCR) and proteomics (ELISA, IP/WB, Protein Chip Array) analysis. The
investigation of targets included TLR2, TLR4, C3a, C5b9, a few selected inflammatory biomarkers
(Eotaxin-2, Rantes, Vascular Endothelial Growth Factor (VEGFA), Vascular Endothelial Growth
Factor receptor (VEGFR2), Interferon-γ (IFNγ), Interleukin (IL1β, IL12p40/p70)) and a restricted
panel of matrix enzymes (Matrix metalloproteinases (MMPs)/Tissue Inhibitor of Metallo-Proteinases
(TIMPs)). A reduced cellularity was observed as function of ERM severity. TLR2, TLR4 and myD88
transcripts/proteins were detected in membranes and decreased upon disease severity. The levels
of soluble TLR2 and TLR4, as well as C3a, C5b9, Eotaxin-2, Rantes, VEGFA, VEGFR2, IFNγ, IL1β,
IL12p40/p70, MMP7 and TIMP2 levels were changed in vitreal samples. Significant correlations
were observed between TLRs and complement fragments and between TLRs and some inflammatory
mediators. Our findings pointed at TLR2 and TLR4 over-expression at early stages of ERM formation,
suggesting the participation of the local immune response in the severity of disease. These activations
at the early-stage of ERM formation suggest a potential persistence of innate immune response in the
early phases of fibrocellular membrane formation.

Keywords: toll-like receptors (TLRs); epiretinal membranes (ERMs); vitreous; complement fragments;
extra-cellular matrix (ECM); innate immunity; inflammation; tissue remodeling; vitreoretinal diseases

1. Introduction

The epiretinal membranes (ERMs), also known as macular pucker or cellophane
maculopathy, frequently develop with ageing and can be associated with diabetes, cardio-
vascular disorders and metabolic syndrome [1]. Structurally, these avascular fibrocellular
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membranes are layered over the retina, in the macular zone, and contract the vitreoretinal
interface, depending on the profibrogenic activity [1].

Several extra-retinal cells (T/B lymphocytes (CD4+, CD8+, CD22+), macrophages
(CD68+), neutrophils and several MHC class II cell surface receptor (HLA-DR)-expressing
cells [2,3] and a few retinal cell types (Müller cells, astrocytes, hyalocytes, retinal pig-
ment epithelium cells and fibroblasts/myofibroblasts) were observed in whole flattened
ERMs [4]. The contraction properties, depending on cell recruitment and extracellular
matrix (ECM) synthesis/deposition (matrix remodeling), are regulated by local cell-to-ECM
interactions and a plethora of proteins (growth factors, neuromediators and matrix-linked
enzymes) [5]. This microenvironment triggers a tractional force between the membrane
and retina (vitreoretinal interface), as enriched of the main profibrogenic factors, such
as transforming growth factor β1 (TGFβ1), glial cell-derived growth factor (GDNF), vas-
cular endothelial growth factor (VEGF) and neurotrophins (nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF)) [4]. This microenvironment is the result of
different cell types (activated Müller cells, contractile myofibroblasts (myoFBs) and reactive
microglia [6,7]) and myofibroblast-like cells that participate in the synthesis of ECM and the
release of growth factors/cytokines, influencing the contractile abilities of the membrane
and contributing to disease pathogenesis (inflammation and angiogenesis) [4,8]. Müller
cells, hyalocytes and retinal pigment epithelium-derived cells have been identified as po-
tential myofibroblast precursors [4]. We previously analyzed the protein profile of vitreous
and vitreal reflux collected, respectively, at the time of the vitrectomy and intravitreal
anti-VEGF injection, showing that information about vitreal protein profiles might mirror
of health of underneath retina, retinal ganglion cell (RGC) and/or photoreceptors [7–9].

The long-lasting ECM makeover (tissue remodeling) seems frequently associated
with the production, release and accumulation of molecules associated with endogenous
cellular and tissue stress signals (the Damage-Associated Molecular Patterns (DAMPs)
and alarmins) [10]. Tissue-injury molecules (collagen and hyaluronan fragments) can be
generated inside the fibrocellular membranes upon matrix retraction [11]. Accumulat-
ing inside tissues or being released in biological fluids, DAMPs might trigger a potent
inflammatory response during non-infection-driven inflammation [10]. ECM fragments
are sensed by toll-like receptors (TLRs) expressed by epithelial cells, innate-immune cells,
antigen-presenting cells [12]. By allowing a specific recognition of Pathogen Associated
Molecular Patterns, (PAMPs) and endogenous molecules (DAMPs), such as death-cell
debris, intact or fragmented collagen and hyaluronic acid, inflammatory products and
oxidative-modified lipids, TLRs prompt a local innate immune response and guarantee
immune surveillance, allowing tissue homeostasis [12–15]. DAMPs preferentially interact
with TLR2, TLR4 and complement cleaved fragments (C3a, C5b), in both membrane-bound
or soluble forms [16–22]. Soluble TLRs and complement fragments accumulate in blood,
urine, saliva, tears and aqueous and vitreous humors, as observed in infections and chronic
autoimmune disorders [23]. Signals from innate immune response activation have been de-
scribed in diabetic retinopathy (DR), age-related macular degeneration (AMD) and macular
pucker (ERMs) [2,24]. The concept of functional cross-talk between TLRs and complement
fragments has been accurately discussed in a recent revision of literature [23].

Therefore, the aim of the present study was to verify the expression of TLR2 and
TLR4 in all the membranogenic phases of ERM disease, by means of immunolocalization
(ERMs) and biomolecular analysis (ERMs/vitreous). The association between a few selected
complement fragments (C3a, C5b-9) and inflammatory/remodeling mediators potentially
expressed by these fibrocellular membranes was also investigated.

2. Results

In this observational single-point study, all ERMs (n = 20) and paired vitreal fluids were
categorized as stage 2, stage 3 and stage 4 of the disease. The categorization was carried
out by the surgeon at the time of clinical assessment before vitreoretinal surgery (Optical
coherence tomography (OCT) bioinstrumental evaluation; Govetto’s nomenclature) [25,26].
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The characteristics of the study population are shown in Table 1. Due to the features of
the diseases and the absence of controls, stage 1 was not included in this analysis, and stage
2 was used as the referring control for comparative studies, depending on the analysis.

Table 1. Study population and biosamples.

ID Gender
(M/F)

Age
(Years)

Vitreous
(Y/N)

ERM
(Y/N)

Staging
(Grades) Comorbidities (List)

1 F 71 Y Y 4 Hypertension, Cardiopathy
2 M 54 Y Y 2 Hypertension, Cardiopathy, Type 2 Diabetes
3 F 63 N Y 2 Hypercholesterolemia, Keratoconus
4 M 78 Y Y 4 Hypertension, Hypercholesterolemia
5 F 69 N Y 4 Hypercholesterolemia
6 F 66 N Y 3 None
7 F 72 N Y 2 None
8 F 70 Y Y 3 Hypertension, Hypothyroidism
9 F 69 N Y 3 Asthma, Thyroidectomy

10 F 65 Y Y 4 Hypercholesterolemia, Type 2 Diabetes
11 F 83 Y Y 2 Hypercholesterolemia
12 F 82 N Y 4 Hypertension, Hypercholesterolemia
13 F 80 Y Y 2 Hypertension, Cardiopathy, Type 2 Diabetes
14 F 69 Y Y 2 Hypertension, Type 2 Diabetes, Hyperuricemia
15 F 81 Y Y 3 Hypertension, Asthmatic Bronchitis
16 M 66 Y Y 3 Type 2 Diabetes
17 F 71 Y Y 3 Hypertension, Hypercholesterolemia
18 F 80 N Y 2 Muscular Dystrophy
19 M 71 Y Y 2 Hypertension, Asthma
20 M 69 N Y 4 None

The chart summarizes demographic aspects of study population, sampling aspects (paired and unpaired aspects
of ERM/vitreous samples) and comorbidities. Complete ophthalmic examination and ERM grading were assessed
by two ophthalmologists (A.C. or G.R.). Visual acuity progressively declined from stage 1 to stage 4 [25]. Legend:
ID, patients’ progressive code; gender (M/F, male/female); age (years); vitreous (Y/N, yes/no); ERM (Y/N,
yes/no); staging (grades); comorbidities, as depicted from initial anamnesis (list).

This small study population displayed different comorbidities, in line with age and
disease features, distributed as follows: 50% (10/20) comorbidities with hypertension
and 35% (7/20) comorbidities without hypertension. A total of 15% (3/20) declared no
comorbidities of interest for this study (none, apparent good health).

2.1. TLR2 and TLR4 Immunoreactivity in ERMs

A widespread nuclear staining (DAPI/blue) was depicted in all ERMs, indicating the
presence of several cell subsets embedded in the fibrous matrix (fibrocellular scaffolds). As
shown in Figure 1, specific TLR2 (green/cy2) and TLR4 (red/cy3) immunoreactive cells
were observed in ERMs at all stages (×400). Particularly, high TLR2 and moderate TLR4
expression characterize stage 2 (Figure 1A) with respect to stage 3 (Figure 1B) and stage 4
(Figure 1C). This decreasing trend was confirmed by imaging quantification. As shown in
Figure 1D, the fluorescent analysis (IntDen) specific for each target showed higher TLR2
and TLR4 expression at early stages of the disease, with TLR2 IntDen being higher than
TLR4. Of interest, ERM cellularity decreased with increasing severity, along with matrix
deposition. Figure 1E shows the reduction in cellularity with increasing ERM severity,
implying that the ERMs at stage 4 had less cellularity than at stage 3 and stage 2.
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Integrated Density (IntDen; (D)) evaluation. Representative merged (main) and single (right side) 
panels of TLR2 (green) and TLR4 (red) in ERMs at stage 2 (A), stage 3 (B) and stage 4 (C). Membranes 
were counterstained with nuclear DAPI (blue) to better visualize the cells. Note the significant de-
crease in immunoreactivity (D) and cellularity (E), depending on severity (p ≤ 0.05). Data represent 
mean ± SEM and values of fluorescent intensity (IntDen; ImageJ) are expressed in arbitrary units. 
Magnifications ×400 (bar size = 50 µm). Significances are shown in the panels (* p ≤ 0.05; ** p ≤ 0.01; 
*** p ≤ 0.005), as calculated using one-way ANOVA followed by a Tukey–Kramer post hoc test (mean 
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Figure 1. TLR2 and TLR4 protein expression in ERMs as a function of disease severity. A total of
six membranes (N = 2 for stage 2, 1F/1M; N = 2 for stage 3, 1F/1M; N = 2 for stage 4, 1F/1M) were
collected during pars plana vitrectomy and processed for Epifluorescent analysis (A–C), coupled
to Integrated Density (IntDen; (D)) evaluation. Representative merged (main) and single (right
side) panels of TLR2 (green) and TLR4 (red) in ERMs at stage 2 (A), stage 3 (B) and stage 4 (C).
Membranes were counterstained with nuclear DAPI (blue) to better visualize the cells. Note the
significant decrease in immunoreactivity (D) and cellularity (E), depending on severity (p ≤ 0.05).
Data represent mean ± SEM and values of fluorescent intensity (IntDen; ImageJ) are expressed
in arbitrary units. Magnifications ×400 (bar size = 50 µm). Significances are shown in the panels
(* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005), as calculated using one-way ANOVA followed by a Tukey–
Kramer post hoc test (mean ± SEM).

2.2. TLR2 and TLR4 Immunoreactivity: Alpha-Smooth Muscle Actin (α-SMA)-Fibroblast like
Cells, Glial Fibrillary Acidic Protein (GFAP)-Activated Müller Cells and Ionized Calcium-Binding
Adapter Molecule 1 (Iba1)-Bearing Ameboid Microglia

The nuclear staining (DAPI/blue) of peeled-off ERM tissues highlighted the presence
of several cell subsets inside the fibrocellular-matrix compartment of ERMs, as reported in
previous studies. A specific TLR2 (Figure 2A,C,E) and TLR4 (Figure 2B,D,F) expression
was observed in α-SMA positive myoFBs-like cells populating the whole flattened ERMs at
stage 2 (Figure 2A,B), at stage 3 (Figure 2C,D) and at stage 4 (Figure 2E,F).
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Figure 2. TLR2 and TLR4 immunoreactivity in myoFBs cells populating the ERM at stage 2 ((A,B) 
N = 2, 1F/1M), at stage 3 ((C,D) N = 2, 2F) and at stage 4 ((E,F) N = 2, 2F). Representative fluorescent 
panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and α-SMA/red from double-immunostained 
and nuclear counterstained (DAPI/blue) ERMs. Note the TLR2 and TLR4 immunoreactivity in, re-
spectively, α-SMA positive myoFBs. Citofixed and whole-mounted membranes were used. Merged 
and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). Arrows indicate co-
expression of targets. 

Immunoreactivity for TLR2 and TLR4 was observed in the Iba1-positive cells (respec-
tively, Figures 3A,C,E and 3B,D,F) in ERMs at stage 2 (Figure 3A,B), at stage 3 (Figure 
3C,D) and at stage 4 (Figure 3E,F).  

Figure 2. TLR2 and TLR4 immunoreactivity in myoFBs cells populating the ERM at stage 2
((A,B) N = 2, 1F/1M), at stage 3 ((C,D) N = 2, 2F) and at stage 4 ((E,F) N = 2, 2F). Representative
fluorescent panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and α-SMA/red from double-
immunostained and nuclear counterstained (DAPI/blue) ERMs. Note the TLR2 and TLR4 immunore-
activity in, respectively, α-SMA positive myoFBs. Citofixed and whole-mounted membranes were
used. Merged and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). Arrows
indicate coexpression of targets.

Immunoreactivity for TLR2 and TLR4 was observed in the Iba1-positive cells (re-
spectively, Figure 3A,C,E and Figure 3B,D,F) in ERMs at stage 2 (Figure 3A,B), at stage 3
(Figure 3C,D) and at stage 4 (Figure 3E,F).

106



Int. J. Mol. Sci. 2024, 25, 7732Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 3. TLR2 and TLR4 immunoreactivity in reactive microglia cells populating the ERM at stage 
2 ((A,B) N = 2, 2F), at stage 3 ((C,D) N = 1, 1F) and at stage 4 ((E,F) N = 1, 1F). Representative fluo-
rescent panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and Iba1/red from double-im-
munostained and nuclear counterstained (DAPI/blue) ERMs. Note the TLR2 and TLR4 immunore-
activity in, respectively, some Iba1 immunoreactive cells. Citofixed and whole-mounted membranes 
were used. Merged and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). 
Arrows indicate coexpression of targets. 

Finally, a specific TLR2 (Figure 4A,C,E) and TLR4 (Figure 4B,D,F) expression was 
observed in GFAP-positive cells inside the whole flattened ERMs at stage 2 (Figure 4A,B), 
at stage 3 (Figure 4C,D) and at stage 4 (Figure 4E,F). 

Figure 3. TLR2 and TLR4 immunoreactivity in reactive microglia cells populating the ERM at stage 2
((A,B) N = 2, 2F), at stage 3 ((C,D) N = 1, 1F) and at stage 4 ((E,F) N = 1, 1F). Representative fluorescent
panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and Iba1/red from double-immunostained
and nuclear counterstained (DAPI/blue) ERMs. Note the TLR2 and TLR4 immunoreactivity in,
respectively, some Iba1 immunoreactive cells. Citofixed and whole-mounted membranes were used.
Merged and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). Arrows
indicate coexpression of targets.

Finally, a specific TLR2 (Figure 4A,C,E) and TLR4 (Figure 4B,D,F) expression was
observed in GFAP-positive cells inside the whole flattened ERMs at stage 2 (Figure 4A,B),
at stage 3 (Figure 4C,D) and at stage 4 (Figure 4E,F).
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Figure 4. TLR2 and TLR4 immunoreactivity in activated Müller cells populating the ERMs at stage 
2 ((A,B) N = 2, 2F), at stage 3 ((C,D) N = 1, 1F) and at stage 4 ((E,F) N = 1, 1F). Representative fluo-
rescent panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and GFAP/red and nuclear counter-
stained (DAPI/blue) ERMs. Note the TLR2 and TLR4 immunoreactivity in, respectively, some cel-
lular compartments of GFAP-positive Müller cells. Citofixed and whole-mounted membranes were 
used. Merged and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). Arrows 
indicate coexpression of targets. 

2.3. TLR2/TLR4/myD88 Transcripts Are Increased in ERMs as a Function of Disease Severity 
The transcription activity of TLR2 and TLR4 was verified by relative RT-PCR,  con-

sidering the expression in stage 3 and stage 4 ERMs with respect to stage 2 (referred to as 
1). As shown in Figure 5A, the relative analysis showed a significative upregulation of the 
TLR2 transcript at stage 3 (4.59 ± 1.72 2logFC) and a trend toward an increase at stage 4 
(0.65 ± 0.31 2logFC), with respect to stage 2. A slight upregulation of TLR4 was detected 
at stage 3 (2.28 ± 1.41 2logFC) and a slight trend toward an increase was observed at stage 
4 (0.96 ± 0.64 2logFC), as compared to stage 2. Regarding the specific adaptor molecule, a 
trend toward a decrease in the myD88 transcript expression was observed at stage 3 (−0.33 
± 0.36 2log-ratio; p > 0.05) and at stage 4 (−1.49 ± 0.39 2log-ratio; p > 0.05), with respect to 
stage 2 (referred to as 1) (Figure 5A). 

Figure 4. TLR2 and TLR4 immunoreactivity in activated Müller cells populating the ERMs at stage 2
((A,B) N = 2, 2F), at stage 3 ((C,D) N = 1, 1F) and at stage 4 ((E,F) N = 1, 1F). Representative fluorescent
panels of TLR2/green (A,C,E) or TLR4/green (B,D,F) and GFAP/red and nuclear counterstained
(DAPI/blue) ERMs. Note the TLR2 and TLR4 immunoreactivity in, respectively, some cellular
compartments of GFAP-positive Müller cells. Citofixed and whole-mounted membranes were used.
Merged and single-channel panels are shown. Magnifications ×400 (bar size = 50 µm). Arrows
indicate coexpression of targets.

2.3. TLR2/TLR4/myD88 Transcripts Are Increased in ERMs as a Function of Disease Severity

The transcription activity of TLR2 and TLR4 was verified by relative RT-PCR, consid-
ering the expression in stage 3 and stage 4 ERMs with respect to stage 2 (referred to as 1).
As shown in Figure 5A, the relative analysis showed a significative upregulation of the
TLR2 transcript at stage 3 (4.59 ± 1.72 2logFC) and a trend toward an increase at stage 4
(0.65 ± 0.31 2logFC), with respect to stage 2. A slight upregulation of TLR4 was detected at
stage 3 (2.28 ± 1.41 2logFC) and a slight trend toward an increase was observed at stage 4
(0.96 ± 0.64 2logFC), as compared to stage 2. Regarding the specific adaptor molecule,
a trend toward a decrease in the myD88 transcript expression was observed at stage 3
(−0.33 ± 0.36 2log-ratio; p > 0.05) and at stage 4 (−1.49 ± 0.39 2log-ratio; p > 0.05), with
respect to stage 2 (referred to as 1) (Figure 5A).

108



Int. J. Mol. Sci. 2024, 25, 7732
Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 22 
 

 

 
Figure 5. Transcripts’ expression as a function of disease severity and comorbidities. (A) Histogram 
showing the significant upregulation of TLR2mRNA in ERM at stage 3 with respect to stage 4, as 
well as compared to stage 2. The same trend was observed for TLR4mRNA. An inverted trend was 
observed for the adaptor molecule myD88mRNA, as downregulation was observed in ERM at stage 
4 with respect to stage 3, and no significant changes were observed with respect to stage 2. Values 
are relative expression ratios (fold-changes in log2-scale; mean ± SEM), as generated by REST-anal-
ysis, comparing stage 3 or stage 4 with respect to stage 2. (B) Transcriptomic analysis highlighted a 
decreased TLR2 and TLR4 expression in the presence of the major comorbidities associated with 
hypertension (10/20; ID: 1, 2, 4, 8, 12, 13, 14, 15, 17, 19), while an increased expression was detected 
in the absence of hypertension (7/20; ID: 3, 5, 9, 10, 11, 16, 18). Values are relative expression ratios 
(fold-changes in log2-scale; mean ± SEM), as generated by REST-analysis, comparing clusters vs. 
normal controls (3/20; IDs: 3, 5, 10). The p-values were calculated according to the REST-ANOVA 
Tukey–Kramer coupled analysis. Red dot lines are referred to 2log-FC PCR biological significance. 
Significances are shown in the panels (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005), as calculated using one-
way ANOVA followed by a Tukey–Kramer post hoc test (mean ± SEM). 

For assessing the possibility that comorbidities might influence this transcription 
profile, a further clustering was carried out, considering comorbidities with and without 
hypertension, as shown in Figure 5B. Notably, TLR2 and TLR4 relative transcript expres-
sion was significantly higher in the ERMs from comorbidities without hypertension 
(+4.198 ± 0.735 FC 2log-ratio for TLR2; +5.331 ± 1.090 FC 2log-ratio for TLR4) and lower in 
comorbidities with hypertension (−1.869 ± 0.0735 FC 2log-ratio for TLR2; −1.528 ± 0.123 FC 
2log-ratio for TLR4). Data were found with respect to same-stage ERMs obtained from 
patients without comorbidities (none). 

2.4. The Soluble Forms of TLR2 and TLR4 Are Detected in Vitreous Samples 
Immunoprecipitation, coupled to Western blot analysis (IP/WB), was used for quan-

tifying the presence of soluble TLR2 and TLR4 proteins. The quantification of TLR2 (Fig-
ure 6A,C) and TLR4 (Figure 6B,D) in vitreous samples showed that both TLRs are less 
expressed at late stages and more highly expressed in the early stages of disease.  

Figure 5. Transcripts’ expression as a function of disease severity and comorbidities. (A) Histogram
showing the significant upregulation of TLR2mRNA in ERM at stage 3 with respect to stage 4, as
well as compared to stage 2. The same trend was observed for TLR4mRNA. An inverted trend was
observed for the adaptor molecule myD88mRNA, as downregulation was observed in ERM at stage 4
with respect to stage 3, and no significant changes were observed with respect to stage 2. Values are
relative expression ratios (fold-changes in log2-scale; mean ± SEM), as generated by REST-analysis,
comparing stage 3 or stage 4 with respect to stage 2. (B) Transcriptomic analysis highlighted a
decreased TLR2 and TLR4 expression in the presence of the major comorbidities associated with
hypertension (10/20; ID: 1, 2, 4, 8, 12, 13, 14, 15, 17, 19), while an increased expression was detected
in the absence of hypertension (7/20; ID: 3, 5, 9, 10, 11, 16, 18). Values are relative expression ratios
(fold-changes in log2-scale; mean ± SEM), as generated by REST-analysis, comparing clusters vs.
normal controls (3/20; IDs: 3, 5, 10). The p-values were calculated according to the REST-ANOVA
Tukey–Kramer coupled analysis. Red dot lines are referred to 2log-FC PCR biological significance.
Significances are shown in the panels (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005), as calculated using
one-way ANOVA followed by a Tukey–Kramer post hoc test (mean ± SEM).

For assessing the possibility that comorbidities might influence this transcription profile,
a further clustering was carried out, considering comorbidities with and without hypertension,
as shown in Figure 5B. Notably, TLR2 and TLR4 relative transcript expression was significantly
higher in the ERMs from comorbidities without hypertension (+4.198 ± 0.735 FC 2log-ratio for
TLR2; +5.331 ± 1.090 FC 2log-ratio for TLR4) and lower in comorbidities with hypertension
(−1.869 ± 0.0735 FC 2log-ratio for TLR2; −1.528 ± 0.123 FC 2log-ratio for TLR4). Data were
found with respect to same-stage ERMs obtained from patients without comorbidities
(none).

2.4. The Soluble Forms of TLR2 and TLR4 Are Detected in Vitreous Samples

Immunoprecipitation, coupled to Western blot analysis (IP/WB), was used for quan-
tifying the presence of soluble TLR2 and TLR4 proteins. The quantification of TLR2
(Figure 6A,C) and TLR4 (Figure 6B,D) in vitreous samples showed that both TLRs are less
expressed at late stages and more highly expressed in the early stages of disease.

109



Int. J. Mol. Sci. 2024, 25, 7732Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 6. TLR2 and TLR4 levels in vitreous as a function of disease severity. A total of twelve spec-
imens: N = 5 for stage 2 (ID: 2, 11, 13, 14, 19); N = 4 for stage 3 (ID: 8, 15, 16, 17); N = 3 for stage 4 (ID: 
1, 4, 10) were processed for biochemical analysis. Briefly, the untouched vitreous samples were soni-
cated and cleared for Western blotting analysis. Representative vitreal levels of TLR2 and TLR4 
(respectively, (A,B); IP/WB) are shown by gels, and densitometric IntDen analysis (C,D) was carried 
out considering all the samples. Note that TLR2 and TLR4 levels are comparable at early stages and 
greater than levels at late stages of the disease. Protein normalization was confirmed by actin ex-
pression. Data are mean ± SEM from optical density (OD) analysis (ImageJ) and p-values are shown 
by asterisks (see Section 4). Significant levels are shown in the panels (* p ≤ 0.05; *** p ≤ 0.005), as 
calculated using one-way ANOVA followed by a Tukey–Kramer post hoc test (mean ± SEM). 

2.5. TLR2 and TLR4 Correlates with Biomarkers of Inflammation and Tissue Matrix Remodeling 
An interesting aspect of the TLRs activation is the downstream signaling leading to 

the release of pro-inflammatory/angiogenic mediators (HLA-DR, p65-NFkB, Eotaxin-2, 
Rantes and VEGFA/VEGFR2) and matrix remodeling enzymes (MMPs/TIMPs), modulat-
ing antibacterial, antimicrobial and immune adaptive and apoptotic responses [27–30].  

Figure 7A highlights the upregulations of HLA-DR and nuclear factor kappa-light-
chain-enhancer of activated B cells (p65-NFkB) transcripts at stage 3 in ERMs, and a posi-
tive correlation between HLA-DR and respectively TLR2 (rho = 0.978, p < 0.04) and TLR4 
(rho = 0.979, p < 0.005) was also observed. In these ERMs, as expected, the increased p65-
NFkB transcripts expression observed at stage 3 were decreased at stage 4 (Figure 7A). 
Both Eotaxin-2 and Rantes were decreased, while VEGFA and VEGFR2 increased at stage 
3 but were not retained at stage 4 in vitreous samples (Figure 7B). Regarding the vitreal 
Th1/Th2 profile, while IFNγ was reduced with ERM severity, IL1β and IL12p70 increased 
depending on severity (Figure 7B).  

The increased Eotaxin-2 levels detected in vitreal fluids, as confirmed by immuno-
precipitation and immunoblotting (IP/WB) analysis, were not consistent with those de-
tected in ERMs (Figure 7C). GFAP protein levels in both vitreous and membranes were 
increased, depending on ERM stadiation (Figure 7D), confirming the presence of active 
gliosis both locally and circulating the vitreal chamber.  

A transcriptomic analysis specific for MMP1, MMP2, MMP3, MMP7, MMP9, TIMP1 
and TIMP2 in ERM extracts showed that only MMP7 was significantly changed at stage 3 
and stage 4 (Figure 7E). On the contrary, the MMP2 and MMP9 transcripts were signifi-
cantly deregulated at stage 3, while the MMP1 and MMP3 transcripts were unchanged 
(Figure 7E). With respect to their tissue regulators, only TIMP2 transcripts were decreased 

Figure 6. TLR2 and TLR4 levels in vitreous as a function of disease severity. A total of twelve
specimens: N = 5 for stage 2 (ID: 2, 11, 13, 14, 19); N = 4 for stage 3 (ID: 8, 15, 16, 17); N = 3 for stage
4 (ID: 1, 4, 10) were processed for biochemical analysis. Briefly, the untouched vitreous samples
were sonicated and cleared for Western blotting analysis. Representative vitreal levels of TLR2 and
TLR4 (respectively, (A,B); IP/WB) are shown by gels, and densitometric IntDen analysis (C,D) was
carried out considering all the samples. Note that TLR2 and TLR4 levels are comparable at early
stages and greater than levels at late stages of the disease. Protein normalization was confirmed by
actin expression. Data are mean ± SEM from optical density (OD) analysis (ImageJ) and p-values are
shown by asterisks (see Section 4). Significant levels are shown in the panels (* p ≤ 0.05; *** p ≤ 0.005),
as calculated using one-way ANOVA followed by a Tukey–Kramer post hoc test (mean ± SEM).

2.5. TLR2 and TLR4 Correlates with Biomarkers of Inflammation and Tissue Matrix Remodeling

An interesting aspect of the TLRs activation is the downstream signaling leading to the
release of pro-inflammatory/angiogenic mediators (HLA-DR, p65-NFkB, Eotaxin-2, Rantes
and VEGFA/VEGFR2) and matrix remodeling enzymes (MMPs/TIMPs), modulating
antibacterial, antimicrobial and immune adaptive and apoptotic responses [27–30].

Figure 7A highlights the upregulations of HLA-DR and nuclear factor kappa-light-
chain-enhancer of activated B cells (p65-NFkB) transcripts at stage 3 in ERMs, and a positive
correlation between HLA-DR and respectively TLR2 (rho = 0.978, p < 0.04) and TLR4
(rho = 0.979, p < 0.005) was also observed. In these ERMs, as expected, the increased
p65-NFkB transcripts expression observed at stage 3 were decreased at stage 4 (Figure 7A).
Both Eotaxin-2 and Rantes were decreased, while VEGFA and VEGFR2 increased at stage
3 but were not retained at stage 4 in vitreous samples (Figure 7B). Regarding the vitreal
Th1/Th2 profile, while IFNγ was reduced with ERM severity, IL1β and IL12p70 increased
depending on severity (Figure 7B).

The increased Eotaxin-2 levels detected in vitreal fluids, as confirmed by immunopre-
cipitation and immunoblotting (IP/WB) analysis, were not consistent with those detected
in ERMs (Figure 7C). GFAP protein levels in both vitreous and membranes were increased,
depending on ERM stadiation (Figure 7D), confirming the presence of active gliosis both
locally and circulating the vitreal chamber.
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Figure 7. Inflammatory and remodeling profiles. (A,B) Inflammatory (A) and adhesion, proangio-
genic and Th1/Th2 (B) patterns were analyzed, respectively, in ERMs and vitreous samples. (A) 
Note the HLA-DR and p65NFkB transcripts’ upregulation in ERMs at stage 3. (B) Adhesion 

Figure 7. Inflammatory and remodeling profiles. (A,B) Inflammatory (A) and adhesion, proangio-
genic and Th1/Th2 (B) patterns were analyzed, respectively, in ERMs and vitreous samples. (A) Note
the HLA-DR and p65NFkB transcripts’ upregulation in ERMs at stage 3. (B) Adhesion molecules
appear deregulated, VEGFA and VEGFR2 were upregulated at stage 3, and only IL1β and IL12p70
were increased at stage 4, all in vitreous samples. (C,D) Eotaxin-2 (C) and GFAP (D) expression in
vitreal samples and coupled ERMs, as assayed by IP/WB analysis. Note that Eotaxin-2 and GFAP
were increased in both membrane formation and coupled vitreous, in a manner related to disease
severity. All diseases stages are shown. (E,F) Histogram depicting the relative transcript expression
of MMPs (E) and TIMPs (F) in ERM extracts as function disease severity. Note the MMP2 and MMP9
transcript downregulation and the MMP7 transcript upregulation as early as stage 3. Whenever
required, fold changes were calculated with respect to stage 2, and comparisons were carried out
between stages. Data in the bar graph are shown as mean ± SEM (2log fold-changes) and p-values are
shown by asterisks (see Section 4). Red dot lines are referred to 2log-FC PCR biological significance
and significant levels are shown in the panels (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005), as calculated
using one-way ANOVA followed by a Tukey–Kramer post hoc test (mean ± SEM).
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A transcriptomic analysis specific for MMP1, MMP2, MMP3, MMP7, MMP9, TIMP1
and TIMP2 in ERM extracts showed that only MMP7 was significantly changed at stage 3
and stage 4 (Figure 7E). On the contrary, the MMP2 and MMP9 transcripts were significantly
deregulated at stage 3, while the MMP1 and MMP3 transcripts were unchanged (Figure 7E).
With respect to their tissue regulators, only TIMP2 transcripts were decreased at stage 3
(Figure 7F). A strong positive correlation was detected between MMP7 and TLR2 at stage 3
(rho = 0.9948, p < 0.05).

2.6. TLR2 and TLR4 Correlate with Complement Fragments

Both the TLR family and complement system are main branches of innate immu-
nity [31]. As shown in Figure 8A, increased levels of the soluble forms of C3a were
quantified in the vitreous, as function of ERM severity. Higher C3a levels were observed
at stage 4. By contrast, no significant changes were monitored for the vitreal C5b9 frag-
ment. Unexpectedly, a positive correlation was observed between C3a and C5b9 markers
(Figure 8B).
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Figure 8. Complement fragments in vitreal fluids as function of ERM severity. Vitreal levels of C3a 
and C5b9 (ELISA; (A)); note that C3a levels were higher than C5b9 levels. (B) Scatterplot displaying 
the positive relationship between C3a and C5b9 markers. Pearson correlation coefficient (r) and sig-
nificance are shown in the panel. Data are mean ± SEM, as detected by ELISA assay. Significant 
levels are shown in the panels (* p ≤ 0.05), as calculated using one-way ANOVA followed by a 
Tukey–Kramer post hoc test (mean ± SEM).  

By correlating the TLRs transcripts and vitreal complement values, positive correla-
tions were detected between TLR2-C3a (Figure 9A,B), TLR2-C5b9 (Figure 9C,D), TLR4-
C3a (Figure 9E,F) and TLR4-C5b9 (Figure 9G,H) at stage 3 and stage 4. 

Figure 8. Complement fragments in vitreal fluids as function of ERM severity. Vitreal levels of C3a
and C5b9 (ELISA; (A)); note that C3a levels were higher than C5b9 levels. (B) Scatterplot displaying
the positive relationship between C3a and C5b9 markers. Pearson correlation coefficient (r) and
significance are shown in the panel. Data are mean ± SEM, as detected by ELISA assay. Significant
levels are shown in the panels (* p ≤ 0.05), as calculated using one-way ANOVA followed by a
Tukey–Kramer post hoc test (mean ± SEM).

By correlating the TLRs transcripts and vitreal complement values, positive correla-
tions were detected between TLR2-C3a (Figure 9A,B), TLR2-C5b9 (Figure 9C,D), TLR4-C3a
(Figure 9E,F) and TLR4-C5b9 (Figure 9G,H) at stage 3 and stage 4.
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Figure 9. Correlation analysis for TLRs (transcripts) and complement fragments (vitreal levels) de-
pending on ERM severity. Scatterplot specific for TLR2/C3a at stage 3 (A) and stage 4 (B); TLR2/C5b9 
at stage 3 (C) and stage 4 (D); for TLR4/C3a at stage 3 (E) and stage 4 (F); for TLR4/C5b9 at stage 3 
(G) and stage 4 (H). Note the positive correlation between complement fragments and TLR2 and 
TLR4. The result of Pearson correlation analysis is shown inside each panel (correlation coefficient, 
r, and significance). 

3. Discussion 
Herein, we show the specific immunoreactivity of TLR2 and TLR4 in ERMs and their 

immunolocalization to GFAP-, Iba1- and α-SMA-expressing cells. TLR2 and TLR4 also 

Figure 9. Correlation analysis for TLRs (transcripts) and complement fragments (vitreal levels)
depending on ERM severity. Scatterplot specific for TLR2/C3a at stage 3 (A) and stage 4 (B);
TLR2/C5b9 at stage 3 (C) and stage 4 (D); for TLR4/C3a at stage 3 (E) and stage 4 (F); for TLR4/C5b9
at stage 3 (G) and stage 4 (H). Note the positive correlation between complement fragments and
TLR2 and TLR4. The result of Pearson correlation analysis is shown inside each panel (correlation
coefficient, r, and significance).

3. Discussion

Herein, we show the specific immunoreactivity of TLR2 and TLR4 in ERMs and their
immunolocalization to GFAP-, Iba1- and α-SMA-expressing cells. TLR2 and TLR4 also
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correlated with C3b and C5b9 and some inflammatory mediators. The rationale behind
TLR2 and TLR4 expression is discussed below.

Previous studies emphasized the involvement of membrane-associated and solu-
ble TLRs in retinal degeneration diseases, as shown by in vitro/in vivo and human ex
vivo studies (iatrogenic, diabetic, vascular and age-related vitreoretinal diseases) [32–37].
Particularly, TLR2 and TLR4 were associated with innate immune activation of comple-
ment fragments, promoting the phagocytic activities of mononuclear cells and oxidative
stress-mediated responses [31,38,39]. This study extended the previous knowledge on
TLR2 and TLR4 on ERMs by hypothesizing their expression in these fibrocellular mem-
branes (ERMs) and coupled vitreal fluids, exploring the TLR2-TLR4’s contribution to
ERMs’ severity. This hypothesis is sustained by the following: i. the presence of some
cells of immune-derivation (Müller, astrocytes and microglia) inside the membrane and
ii. the ability of TLRs to recognize endogenous danger molecules (DAMPs) released from
the extracellular and intracellular space of damaged tissue or dead cells (collagen and
hyaluronic acid fragments, hyaluronan, heat shock protein (HSP60), fibronectin and other
tissue products) [32]. Activated DAMPs might trigger an uncontrolled and unbalanced
innate immune response, contributing to and/or exacerbating the ERM-mediated retraction
of the underneath retina [40].

First, the TLR2 and TLR4 immunofluorescence was inversely proportional to disease
severity (ERM grading), and specific immunoreactivity for TLR2 and TLR4 was restricted to
GFAP-reactive Müller cells, Iba1-bearing ameboid microglial cells and α-SMA-expressing
cells (myofibroblast-like cells). These cells are known to recognize DAMPs exacerbating the
local inflammation in the presence of matrix fragments/debris [41–47]. Previous studies
also referred to activated Müller cells and reactive microglia as major cell sensor patterns
in ERMs, and the myofibroblast-like cells’ contribution was related to long-lasting ERM
retraction [48]. The differential expression of TLR2 and TLR4 alongside the ERM phases
of severity might be linked to the fact that Müller cells seem to play a primary role in the
events leading to ERM formation (known as vertical gliosis) [48]. The impact of vertical
traction on Müller cells might drive matrix synthesis and scaffold creation, paving the way
for migration and cell organization of ERMs. In addition, these fibrocellular membranes
confer resistance to the mechanical stimulation of the retina [48]. Our observation of TLR4
immunoreactive microglia is in line with previous studies, and no other TLRs, except
for TLR2 and TLR4, have been detected on retinal microglia [49–51]. On the contrary, the
observation of TLR2 and TLR4 immunoreactivity in activated GFAP-expressing Müller cells
is in line with Kumar and Shamsuddin’s findings, reporting the presence of TLR2 and TLR4
in retinal Müller cells [46,52]. Since some in vitro simulations highlighted the ability of TLR2
and TLR4 agonists to trigger the release of IL-6 and MIP-2/C-X-C Motif Chemokine Ligand
(CXCL2) chemokines by reactive Müller cells, our observations in ERMs might suggest that
TLRs expressing Müller cells can drive immunoregulatory functions in vitreoretinal diseases
through DAMP products, in addition to the known role in anti-microbial surveillance
(endophthalmitis) [46]. More interestingly, the presence of TLR-bearing myofibroblast-like
cells might suggest a possible influence of DAMP-related TLRs on the contractile activities
of these fibrocellular-matrix formations [45–47]. Collagen fragments might exacerbate the
force generated by the fibrocellular membranes on the underneath retina. Precisely, type-II
collagen can allow the jelly-like vitreous to adhere to the underneath retina, although
ageing or traumatic/inflammatory events can trigger a gradual change of this jelly fluid,
inducing its separation from retina (vitreous detachment) [53].

Our previous studies highlighted the existence of specific “ERM-vitreal protein-print”
depending on the severity and origin of vitreoretinal damage, highlighting the possibility
to use this protein signature for individualized therapy purposes [6]. A significant increase
in TLR2 and TLR4 expression suggests the following: i. the activation of intracellular
signaling, with p65NFkB nuclear translocation; ii. a huge cell-mediated response driven
by professional cells (Antigen-Presenting Cell (APCs), phagocytes), accelerating the local
inflammation by the adhesion of leukocytes and the maturation/migration of immune
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cells; and iii. RGC damage, with an exacerbation of local inflammation and impairments in
the retinal network [54]. Herein, the observation of myD88 deregulation clearly indicates
the presence of a less-activated pathway related to pro-inflammatory mediators (IFNγ, IL6,
IL8), as reported by several in vivo and in vitro myD88 models [55].

Since a decreased cellularity occurs in late stages of the disease (ERM severity), another
aspect of TLR2 and TLR4 signaling might be to drive the death of subsequent necrotic cells
and APCs by means of NFκB signaling in a paracrine/autocrine fashion, as reported by
in vitro simulations [56]. Under physiological processes, the removal of debris and dead
cells is essential for protecting retinal networking, as documented by several experimental
and ex vivo studies [57]. The apoptosis of myofibroblast-like cells might also occur in the
later stages of ERM activity, supporting the reduced retraction intensity observed at stage 4,
which often does not require ERM peel-off [25]. Our data on TLRs and HLA-DR expression
are supported by previous studies reporting the specific cooperation of HLA-DR with TLR2
and TLR4 [58].

An interesting aspect of the TLR activation is the downstream signaling, leading to the
release of pro-inflammatory/angiogenic and matrix enzymes able to modulate antibacterial,
antimicrobial, as well as adaptive response and apoptotic response [27–30].

Our investigations in vitreal-ERM paired samples also highlighted an increase in
Eotaxin-2 proteins in ERMs and vitreal fluids, in line with previous studies, anticipating the
higher Eotaxin-2 levels in vitreous collected from retinal detachment and ERMs [59–61]. Of
interest, the quantification of GFAP protein in these samples might corroborate the findings
on activated Müller cells and their possible loss in the severe forms of the disease [62].

A balanced regulation between MMPs and TIMPs is essential in controlling the innate
host defense and tissue repair/homeostasis [63]. Under a chronic inflammatory phenotype,
TLRs can drive the matrix makeover via the modulation of specific enzymes (MMPs and
TIMPs) [64]. Our transcriptomic analysis for MMPs/TIMPs enzymes showed that MMP7
and TIMP2 were significantly modulated in ERMs. A possible connection between MMP
and TLRs could be envisaged, given that a strong positive correlation was detected between
MMP7 and TLR2.

The Pattern Recognition Receptors (PRRs), including toll-like receptors (TLRs) and
complement receptors (CRs), regulate the processes of recognition of pathogens/PAMPs
and their clearance [65]. A strong interaction between complement fragments and TLR
signaling has been reported in previous in vivo studies, suggesting a novel mechanism
by which the complement system might promote inflammation and modulate adaptive
immunity in tissues [31]. Activated complement fragments are crucial mediators of inflam-
mation, and the complement cascade activation can actively mediate the inflammatory
process working on leucocytes’ recruitment and activation [66–68]. The presence of C5b9
complexes, some complement regulators, and abundant cytokines has been discussed
in retinal diseases [69]. The innate response is highly influenced by some complement
components (C3, C4, C5 and C9) and their membrane regulators (decay-accelerating factor,
membrane cofactor protein (DAF9, and CD59) [70]. Herein, C3a and C5b9 were assayed
in vitreous, and their expression was correlated with ERM severity. TLR2 was found to
induce complement factors C3 [35]. TLR2 deficiency preserves tight junction expression
and promotes RPE resistance to fragmentation [35]. The neutralization of TLR2 reduces
the opsonizing fragments of C3 in the outer retina and protects the photoreceptor neurons
from oxidative stress-induced degeneration [35]. The oxidative stress-induced formation of
the terminal complement membrane attack complex and the infiltration of Iba1-positive
cells are strikingly inhibited in TLR2-deficient retinas [35]. In previous studies, TLR2 was
reported as a mediator of retinal degeneration in response to oxidative stress and was
hypothesized to act as a “bridge” between oxidative damage and complement-mediated
retinal pathology.

The limitations of this study are represented by the following: i. the absence of data
on the quantification of soluble TLR2 and TLR4 forms and the detection of C5aR in ERMs,
ii. a limited number of specimens for chip-array analysis and correlation studies and
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finally, iii. the presence of some risk factors that might influence innate immune response,
such as gender, ageing and some major metabolic comorbidities [71–75]. The small study
population is in line with the observation that 2% of middle-aged individuals (over age 50)
and 20% of elderly individuals (over age 75) show evidence of ERMs, although they do not
need treatment [1]. The gender bias might also represent a limitation of this study, although
age/sex matched cases and controls were compared. Although recognized as an immune
privilege site, the eye might respond to changes in the sexual hormones and ageing. The
hormonal levels can influence/modulate the immune response locally, and particularly
females can display a higher immune response than age-matched males [73]. On the
other hand, ageing is also known to influence circulating and tissue-specific hormonal
levels [74]. In fact, immune parameters decline at a slower rate in aged women, although
genome activity remains higher for acquired immunity than for innate immunity. On
the other hand, men exhibit higher gene activity in innate immunity [74]. Certainly, our
study populations included biosamples collected from patients having risk factors related
to vascular impairments and/or metabolic, autoimmune and allergic disorders, while a
small population of patients presented with an apparent good health condition. Previous
studies suggest that the ERMs are relatively common among the aged population, and the
potential risk factors include few but major metabolic comorbidities, such as hypertension,
type 2 diabetes and hypercholesterolemia/dyslipidemia, in addition to age and sex [75].
The association of TLR2 and TLR4 with allergies is in line with previous studies, so we
cannot exclude such influences on the modulation of TLRs in ERM severity [74]. Our
preliminary analysis on the influence of the major comorbidities (clustered as with or
without hypertension) on TLR expression suggests the need for a more comprehensive
analysis related to ERM formation or recurrence, considering these metabolic influences.
While it is well established that TLRs participate in the inflammatory process aimed at
PAMPs’ and/or DAMPs’ removal, TLRs’ involvement at the beginning and progression of
chronic pathologies appears to be just a possibility [75].

4. Materials and Methods

This study was approved by the intramural ethical committee (IFO-Bietti, Rome,
Italy) and performed in accordance with the ethical standards stated in the Declaration of
Helsinki. The patients approved the experimental approach and signed the consent forms
for specimen collection, handling and analysis.

4.1. Study Population, SD-OCT Classification and Subgrouping

ERM (20 peeled-off membranes) and vitreal (12 collected samples) specimens were
sampled from 20 patients (16F/4M; 71.45 ± 7.36 years old) and underwent vitrectomy
with peeling of epiretinal membranes. Before surgery, a full ophthalmic examination
was carried out, including anamnesis, funduscopic evaluation, and Spectral Domain–
Optical Coherence Tomography (Spectralis SD-OCT ver.1.5.12.0; Heidelberg Engineering,
Heidelberg, Germany) [25,26]. The ERM classification was as follows: stage 1, mild and
thin ERMs with presence of foveal depression; stage 2, ERMs associated with widening
of nuclear layer and loss of foveal depression; stage 3, ERMs associated with continuous
ectopic inner foveal layers crossing the entire foveal area; and stage 4, thick ERMs associated
with continuous ectopic inner foveal layers and severe disruption of retinal layers [25].
Inclusion criteria were stage 2, stage 3 and stage 4 (subgrouping). Exclusion criteria
comprised stage 1 ERMs (patients with anatomical and morphological retinal status do
not need surgery), macular holes, proliferative diabetic retinopathy, age-related macular
degeneration, retinal vascular occlusion, aphakia, high myopia (≥28 diopters), uncontrolled
glaucoma. Additional exclusion criteria were prior vitrectomy, intravitreal injections and
retinal laser photocoagulation, as well as opacity of optical media. The characteristics of
the study population and specimen collection are summarized in Table 1. The chart also
shows paired vitreal samples whenever obtained.
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4.2. Sampling Mode and Pre-Analytics

The procedure for sampling included the vitreous collection at the beginning of
standard 23G pars plana vitrectomy, just before opening the infusion port, and subsequent
ERM peel-off. Untouched vitreous was delivered to the laboratory and processed as
described below.

ERMs were placed as whole-mounted tissues on pretreated glass slides (BDH, Milan,
Italy), postfixed (ThinPrep® PreservCyt solution, Hologic, Inc., Marlborough, MA, USA)
and probed for immunofluorescent analysis. For Real-Time PCR and IP/WB analyses,
ERMs were extracted in 300 µL of lysis solution (MirVana Paris™ Invitrogen; Thermo Fisher
Scientific, Waltham, MA, USA) and native protein, as well as total RNA, were obtained
from each tissue/section.

4.3. Double Immunofluorescent Analysis and Digital Acquisitions

A total of 20 ERMs (N = 8 for stage 2, 6F/2M; N = 6 for stage 3, 5F/1M; N = 6 for
stage 4, 5F/1M) were used for immunofluorescent analysis. Briefly, whole-mounted ERMs
were briefly rehydrated in PBS (10 mM Phosphate Buffer (PB) and 137 mM NaCl; pH 7.5).
A blocking/permeabilizing step (0.1% BSA and 0.3% Triton X100 in PBS) was carried
out before antibody incubation: anti-human TLR2 antibody (mouse; 1:200; Santa Cruz,
CA, USA), anti-human TLR4 antibody (rabbit; 1:200; Santa Cruz), anti-human α-SMA
antibody (mouse; 1:500; Sigma-Aldrich, Saint Louis, MO, USA), anti- Iba1 antibody (mouse;
1:500; Santa Cruz) and Anti- GFAP antibody (mouse; 1:500; Cell Signaling, Denver, MA,
USA). Specific bindings were detected using secondary AlexaFluor-555 or AlexaFluor-
488-coupled anti-rabbit (for TLR4) or anti-mouse (for TLR2, α-SMA, Iba1, GFAP) specie-
specific F(ab)2 antibodies diluted (1:500) in 0.05% Tween20-PBS and incubated for 45 min on
benchtop (Immunological Sciences, Rome, Italy). After nuclear counterstaining (blue/DAPI;
Invitrogen Molecular Probes, MA, USA), the slides were mounted with an anti-fading
supplemented Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA) and examined
under an epifluorescent direct microscope (Ni-Eclipse) equipped with UV lamp, digital
camera (Axiocam) and NIS-Elements software F 4.00.00 for digital assets (8-bit TIFF format;
Nikon, Konan, Minato-ku, Tokyo). Acquisitions were carried out with ×200 and ×400
objectives, both in single and merged image sets.

4.4. Molecular Analysis: Total RNA, cDNA and Relative Real-Time PCR

Twenty ERMs previously immunostained were used for molecular analyses. Briefly,
total RNAs were extracted according to the MirVana Paris procedure with minor modifi-
cations, rehydrated in 11 µL RNase-free water (DEPC-treated/autoclaved MilliQ water,
Sigma-Aldrich) and spectrophotometrically checked for RNA quantity/purity (>1.8; A280
program, Nanodrop; Celbio, Euroclone S.p.A, Milano, Italy). For cDNA synthesis, 100 ng
of total RNA was retro-transcribed using the GoScript RT mix and random hexamers
(Promega, Madison, WI, USA) in a LifePro Thermal Cycler (Euroclone, Rome, Italy). For
amplification, 3 µL (target gene) and 1 µL (referring gene) cDNA were amplified with the
SYBR-green hot-start PCR master mix (Hydra Taq; Biolab; Biocell, Rome, Italy) using the
Eco™ Real-Time PCR platform (Illumina, San Diego, CA, USA).

Amplifications were carried out for both target/referring genes per sample and in
parallel with negative/positive controls. PCR products (100–200 bps) were separated in
2.5% agarose gel (mini horizontal apparatus; Bio-Rad, Hercules, CA, USA), and bands were
observed/acquired inside the UVP station (TIFF-format images). Cycle threshold values
(Cq) from normalized samples with one melting curve were used for REST analysis [76].
Changes in target gene expression observed at stage 3 and stage 4 were provided as log2
expression ratio with respect to stage 2 (herein considered the reference subgroup), consid-
ering H3 as the reference gene. Primer pairs were synthesized by Eurofin MWG Genomics
(www.eurofinsgenomics.eu, accessed on 29 march 2023), with at least one intron spanning
primer (Primer3 Input (version 0.4.0)), and the sequences are reported in Supplementary
Table S1.
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4.5. Biochemical Analysis: IP/WB, ELISA and Chip-Based Protein Array

A total of 12 vitreous (N = 5 for stage 2, 3F/2M; N = 4 for stage 3, 3F/1M; N = 3
for stage 4, 2F/1M) were used for biochemical analyses. Briefly, the samples (250–500 µL)
were quickly stabilized with protease inhibitors (1 µL/sample; Pierce, Thermo Fisher
Scientific) and split into two aliquots that were allocated to IP/WB—ELISA and chip
array analysis, as described below. Aliquots for IP/WB—ELISA were sonicated (VibraCell;
Sonics, Newtown, CT, USA) and centrifuged to remove debris (13,000 rpm/7 min; Sigma
1–14 microfuge), while sister aliquots for chip array were centrifuged (2000 rpm for 7 min;
Sigma 1–14 microfuge) to separate floating cells. The clarified supernatants were further
sonicated (VibraCell, Newtown, CT, USA) and centrifuged to remove debris (13,000 rpm/
7 min). A spectrophotometer analysis (3 µL) was carried out (N1000, Nanodrop) before
producing aliquots.

IP/WB. The captured antibodies of interest (Eotaxin, Santa Cruz; GFAP, Immunolog-
ical Sciences; TLR2, Santa Cruz and TLR4, Santa Cruz) were first immobilized onto the
Pure Proteome Protein G Magnetic beads (15 µL, Millipore, Burlington, MA, USA) to
generate the antibody–beads complex. The beads-bound antibodies were then added to
the normalized samples (100 µg total protein) and after 2 h of incubation, the captured
proteins were washed and eluted in denaturing loading buffer. All steps were performed
under orbital shaking (Certomat II, Sartorius, D-72393 Burladingen, Deutschland). LB
samples were preheated at 90 ◦C for 10 min and loaded on 4–12% precasted SDS-PAGE
gels (Bio-Rad Laboratories Inc., Hercules, CA, USA), and electrophoresis was performed in
a MiniProtean3 apparatus (Bio-Rad) under reducing conditions (120 V/frontline).

Electrophoresed bands were transferred to 0.22 µm membranes (Hybond, GE Health-
care, Buckinghamshire, UK) at 12 V/40 min in a semidry Trans-Blotting apparatus (Bio-
Rad). The membranes were stained with the high-sensible Sypro Ruby protein blot stainer
(Invitrogen, Waltham, MA, USA), according to the standard procedure, to visualize and
acquire the separations. Immunoblotting, followed by chemiluminescent detection, was
additionally performed to better visualize the proteins of interest. In both cases, optical
density (OD) was performed using the freely available ImageJ software (software 1.54j,
National Institutes of Health, Bethesda, MD, USA). Data were saved as 8-bit TIFF files and
exported for figure assembly using the Adobe Photoshop 2024 program (Release 25.5.1,
Adobe Systems, Inc., Mountain View, CA, USA). The loading of normalized samples was
verified by checking the β-actin content (predicted molecular weight: 40–42 kDa; sc-47778,
Santa Cruz).

ELISA. Aliquots (50µL/sample) were 1:2 diluted in a sample dilution buffer provided
by commercially available C3a and C5b-9 ELISA kits (Cloud-Clone Corp., Houston, TX,
USA), including precoated 96-well plates and ready-to-use solutions. All incubation and
washing procedures were performed according to the manufacturers’ suggestions, with
minor modifications. Absorbance (optical density—OD) values were recorded after plate
reading (λ450–λ570 nm) and concentrations were produced according to standard curves
(assay range: 5000 pg/mL–78 pg/mL for C3a and 80 ng/mL–1.25 ng/mL for C5b-9).

Chip-Based Protein Array. Sister aliquots were analyzed in customized G-series glass
slides (14 identical subarrays/slide with 57 targets; RayBiotech, Norcross, CA, USA).
Array chips were incubated with prediluted vitreous samples and labelled with a biotin-
conjugated cocktail of antibodies, followed by a Cy3-conjugated streptavidin complex,
according to the manufacturer’s instructions. As a final point, the glass slides were washed
once with MilliQ water, spin-dried (700 g/1 min) and scanned using a GenePix 4400
Microarray scanner (Molecular Devices LLC, Sunnyvale, Silicon Valley, CA, USA). The fluo-
rescence intensity data (FI) were generated by GenePix Pro 6.0 software (Axon Instruments,
Foster City, CA, USA) and provided as background-subtracted FI data (F532-B532, N factor)
for each spot/volume. Values were expressed as ratio (pathological vs. reference signal).
Inter-assay normalization was guaranteed by the presence of multiple internal controls for
each subarray. To obtain appropriate Cy5 (background signal) and Cy3 (specific signal)
images, the slides were scanned over previously validated acquisition parameters and the
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images/arrays (blocks) were uniformly adjusted for size, brightness and contrast at the
time of acquisition.

4.6. Statistics

Data were first analyzed using the Kolmogorov–Smirnov and the Shapiro–Wilk tests to
satisfy the assumption of values coming from a normally distributed population (Prism10.0;
GraphPad Software Inc., San Diego, CA, USA). The one-way ANOVA analysis was used to
compare protein expression between the subgroups. The REST–ANOVA coupled analysis
was carried out for identifying significant changes in Real-Time PCR experiments. Cor-
relations were assessed between subgroups using the Pearson rho correlation test. Some
statistical analyses were confirmed with RStudio (Version: 2024.04.2+764, open-source
platform). The two-sided unpaired t-test comparisons or the Wilcoxon–Mann–Whitney test
followed by the Benjamini–Hochberg procedure were used for multiple-test corrections.
Significance levels were * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Continuous variables were reported as mean values and standard deviations, and
categorical variables were represented as numbers and percentages. The statistical tests
used in this study were the independent-sample t-test, Chi-squared test, Mann–Whitney
U-test and Spearman correlation, as appropriate.

5. Conclusions

Corroborating studies suggest that the presence of innate immune cells and chronic
low-grade inflammation might influence the development, function and evolution of
ERMs and even their reappearance [77]. TLRs have the primary role to detect ‘non-self’
pathogen molecules, sensor endogenous tissue-damaged host-derived molecules (DAMPs)
and guarantee tissue homeostasis. TLRs work in combination with complement fragments,
ameliorating some inflammatory states linked to DAMPs’ recognition, although exacer-
bations of the local inflammation and senescence have also been reported [31,78,79]. Our
findings on the presence of TLR2 and TLR4 in these ERMs and their specific expression
by contractile α-SMA-expressing cells, Iba1-immunoreactive microglial cells and GFAP-
positive Müller cells would suggest the participation of innate response in the evolution
and contraction abilities of ERMs [41–47]. Since the possibility of impaired TLR/DAMP
signaling cannot be excluded, the TLR/complement system and its modulation might be,
in the near future, an additional intravitreal target, especially to counteract recidivism. The
ERM system might be an interesting “ex vivo” model to assess the inflammatory status and
the cross-talk between the innate and adaptive response. Although vitrectomy and ERM
peel-off continue to be the first-choice therapy for vitreoretinal diseases, much remains to be
investigated regarding the development of alternative “drug” therapies for the prevention
and early treatment of vitreous–retinal interface syndromes that are not associated with
traumatic events. Further studies are underway to better elucidate these aspects, which
could be useful in the near future for individualized therapies (personalized medicine).
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Abstract: Pseudoxanthoma elasticum (PXE) is a rare inherited systemic disease responsible for a
juvenile peripheral arterial calcification disease. The clinical diagnosis of PXE is only based on
a complex multi-organ phenotypic score and/or genetical analysis. Reduced plasma inorganic
pyrophosphate concentration [PPi]p has been linked to PXE. In this study, we used a novel and
accurate method to measure [PPi]p in one of the largest cohorts of PXE patients, and we reported
the valuable contribution of a cutoff value to PXE diagnosis. Plasma samples and clinical records
from two French reference centers for PXE (PXE Consultation Center, Angers, and FAVA-MULTI
South Competent Center, Nice) were assessed. Plasma PPi were measured in 153 PXE and 46 non-
PXE patients. The PPi concentrations in the plasma samples were determined by a new method
combining enzymatic and ion chromatography approaches. The best match between the sensitivity
and specificity (Youden index) for diagnosing PXE was determined by ROC analysis. [PPi]p were
lower in PXE patients (0.92± 0.30 µmol/L) than in non-PXE patients (1.61± 0.33 µmol/L, p < 0.0001),
corresponding to a mean reduction of 43 ± 19% (SD). The PPi cutoff value for diagnosing PXE in all
patients was 1.2 µmol/L, with a sensitivity of 83.3% and a specificity of 91.1% (AUC = 0.93), without
sex differences. In patients aged <50 years (i.e., the age period for PXE diagnosis), the cutoff PPi was
1.2 µmol/L (sensitivity, specificity, and AUC of 93%, 96%, and 0.97, respectively). The [PPi]p shows
high accuracy for diagnosing PXE; thus, quantifying plasma PPi represents the first blood assay for
diagnosing PXE.

Keywords: diagnosis; rare disease; PXE; threshold; PPi; PPi quantification

1. Introduction

Pseudoxanthoma elasticum (PXE) is a chronic and disabling monogenic rare disease
caused primarily by mutations in the ABCC6 gene [1]. Its prevalence has been estimated
between 1/25,000 and 1/100,000 in the general population, with female predominance [2].
PXE is characterized by abnormal ectopic calcifications in soft connective tissues such
as the skin, retina and cardiovascular system. The clinical diagnosis of PXE [3,4] is cur-
rently based on clinical criteria (PHENODEX score [5]), which include the presence of
1 or 2 major ocular lesions (i.e., peau d’orange and/or angioid streaks) associated with
1 or 2 skin and/or mucosal lesions (i.e., pseudo-xanthomatous papules of the flexion folds)
and/or a positive skin biopsy taken from the lesional skin, the neck or the flexural area in
the absence of suggestive skin changes. Genetic diagnosis is a powerful method to detect
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PXE [6] but may be unsuccessful since a small but significant level of PXE patients have no
ABCC6 mutations. PXE demonstrates considerable inter- and intrafamilial heterogeneity
and, in some cases, overlaps with other calcifying diseases, such as generalized arterial
calcification in infancy (GACI) [7], that is linked to heterozygous pathogenic mutations of
the ENPP1 gene [8]. Moreover, a PXE-like phenotype was also described due to pathogenic
variants in the GGCX gene that encoded the gamma-glutamyl-carboxylase protein with al-
teration of anti-calcification processes [9]. Therefore, genetic diagnosis is presently reserved
for atypical cases.

Due to the high phenotypic and clinical variability of PXE, there is a growing need to
improve diagnostic accuracy due to prognostic implications and future development of
therapeutic options for this disease.

The ABCC6 gene involved in PXE encodes the ATP-binding cassette transporter
ABCC6, the activity of which appears to be linked to the cellular outflow of ATP and
the subsequent generation of inorganic pyrophosphate (PPi) [10]. Pyrophosphate is known
as a physiological plasma anti-calcifying factor, and plasma PPi is chronically decreased
in Abcc6−/− animal models [10–12] and by 25 to 60% in PXE patients [12–17]. To date, in
the absence of standardized measurement methods to determine PPi concentration in the
plasma, the diagnostic value of PPi for PXE has never been tested, and its relevance remains
to be established.

Herein, we develop a new method combining enzymatic and ion chromatographic
techniques to determine the plasma PPi concentration with accuracy, allowing to report a
diagnostic value in one of the largest European cohorts of PXE patients.

2. Results
2.1. A Significant Decrease of Plasma PPi Concentration in a PXE Cohort

For this study, we have used a new method coupling two different technical ap-
proaches (enzymatic and ion chromatography), allowing a cross-control to accurately
determine the PPi concentration in plasma samples.

In the non-PXE control cohort (46 healthy volunteers, (mean ± SD) age 45 ± 15 years;
55% women), the mean plasma PPi concentration was 1.61 ± 0.33 µmol/L, while in the
PXE cohort (153 patients, 49 ± 15 years; 107 (71%) women), it was 0.93 ± 0.30 µmol/L
(Figure 1). The PXE patients had a 43 ± 19% reduction in PPi concentration compared to
non-PXE patients.
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2.2. Determination of a PPi Cutoff Value for PXE Diagnosis

The statistical analysis plan was used, and the main results of this study are presented
in Figure 2. Briefly, two ROC analyses were performed with the training dataset, comprising
all PXE and with a training dataset of <50 years old PXE patients (<50 y.o., Figure 3).

A PPi cutoff (Youden index) for diagnosing PXE in all patients was calculated
at 1.2 µmol/L, with a sensitivity of 83.3%, a specificity of 91.1%, and an AUC of 0.93
(Figures 2 and 3A, Table 1).

With respect to the “simulated-training” dataset, the cutoff was 1.2 µmol/L, leading
to a sensitivity of 83.0% and a specificity of 95.0% (Figure 2).

Analysis of patients aged <50 years old, the approximate age at which PXE should
be diagnosed before the onset of complications, revealed that the PPi cutoff value was
1.2 µmol/L, with a sensitivity, specificity, and AUC of 92.6%, 95.8%, and 0.97, respectively
(Figure 3B and Table 1). With respect to the “simulated-training” dataset, the cutoff was
1.2 µmol/L, with a sensitivity of 94.3% and a specificity of 97% (Figure 2).

The performance of the “test” dataset for all patients and patients aged <50 y.o. was
(sensitivity/specificity) 92.3%/91.7% and 100%/100%, respectively (Figure 2).

The performances of the different thresholds (100% sensitivity threshold, Youden
index, and 100% specificity threshold) in the overall population and patients aged <50 y.o.
in the training and test dataset are presented in Table 1. The PPi cutoffs yielding 100%
specificity (1.1 µM) or 100% sensitivity (1.7 µM) are identical in the overall population and
in those aged <50 y.o. (Table 1).
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Table 1. Performance of the determined thresholds (100% sensitivity, Youden index, and 100%
specificity) in the “training” and “test” datasets for all patients and patients aged <50 y.o.

Threshold

Overall Patients Patients Aged under 50 Years (<50 y.o.)

Train (n = 148) Test (n = 51) Train (n = 78) Test (n = 27)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

Sensitivity
(%)

Specificity
(%)

<1.70 100.0 44.1 100.0 33.3 100.0 33.3 100.0 37.5

<1.20 83.3 91.1 92.3 91.7 92.6 95.8 100.0 100.0

<1.10 69.3 100.0 79.5 100.0 85.2 100.0 89.5 100.0

2.3. Influence of Sex on the PPi Cutoff for PXE Diagnosis

The PPi cutoff value in the male and female “training” dataset aged <50 years old
was 1.2 µmol/L for both men (sensitivity 94.4%, specificity 100%) and women (92.9% and
93.9%, respectively).

3. Discussion

Our study reports a cutoff plasma PPi value for diagnosing PXE, an inherited disease
characterized by chronic disability due to extensive and progressive ectopic calcifications
in connective tissues. Since 1994, the diagnosis of PXE has been based only on clinical
symptoms, skin biopsy results, and family history [8]. Due to considerable inter- and
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intrafamilial phenotype heterogeneity, the involvement of different organ systems in this
disease may greatly differ. The reasons for this phenotypic heterogeneity currently re-
main unknown, and attempts to establish genotype/phenotype correlations have failed to
establish a consistent one [18] except in one study [19].

A low plasma PPi has been consistently reported in PXE patients with a reduction
rate ranging from 25 to 60% [12–17] despite significant differences in the absolute values:
plasma PPi levels in PXE patients versus healthy controls were reported in a Belgian
cohort (mean value 0.497 vs. 0.985 µM [17]), in a French cohort (median value 0.77 vs.
1.53 µM [15]), in a Dutch cohort (0.53 vs. 1.13 µM [14]) and in a Spanish cohort (1.11 vs.
1.43 µM [16]). Altogether, comparisons of plasma PPi concentration between all these
studies are somewhat difficult since it depends on (1) the type of blood collection tube
(CTAD, citrate, heparin, EDTA, . . .), (2) the pre-analytic preparation of the plasma samples
(i.e., ultrafiltration, platelet-depletion), and (3) the method used to measure PPi. A recent
study [17] pointed out that PPi level does not correlate with the genotype or phenotype of
PXE disease. However, we have already reported a strong correlation between age, arterial
calcification, and disease severity [15], suggesting that time of exposure to a low plasma PPi
concentration is a major determinant of arterial calcification and clinical severity in PXE.

According to our study, a plasma PPi cutoff value of 1.2 µmol/L detected almost 83%
of PXE patients with high specificity (91%) and was not influenced by sex. Interestingly,
when the population age was limited to <50 y.o. (i.e., the age period when PXE is usually
diagnosed), the plasma PPi cutoff value was still 1.2 µmol/L, while the sensitivity and
specificity increased to 93 and 96%, respectively. Therefore, PPi represents a promising
biological blood marker that provides additional diagnostic criteria and reliable value
for diagnosing PXE. To date, the use of plasma PPi for PXE diagnosis has never been
established due to the lack of “gold standard” methods and technical limitations in precisely
determining PPi concentrations, which are both overcome using our method.

Although the number of PXE patients included in this study is small, it remains among
the largest since PXE is a rare disease. The threshold validation was performed on a small
subset of the internal validation cohort, which can limit the performance of the external
validation cohort. In addition, the use of the cutoff value is limited to our method, which
combines enzymatic and ion chromatography techniques as a cross-control, which is not
the case for the other tests usually carried out in laboratories. Therefore, access to this assay
method in clinical practice remains to be developed.

In conclusion, our results show that the plasma PPi concentration may reliably con-
tribute to PXE diagnosis. Furthermore, this blood test will significantly contribute to the
development and validation of future treatments for this disease by clinical trials. A strat-
egy currently being explored by the medical community is based on normalizing plasma
PPi concentration in PXE patients [20]; therefore, it is essential to monitor PPi changes
accurately over time during treatment.

4. Materials and Methods
4.1. Study Population

Medical records and biological samples collected between 2018 and 2023 from PXE
patients were obtained from the biobank of the National PXE Reference Center (MAGEC
Nord, Angers University Hospital, Angers, France) as part of the protocol for phenotyping
the French PXE cohort (ClinicalTrials.gov Identifier: NCT01446380) and by the FAVA-
MULTI South Competence Center for Rare Arterial Calcifying Disease, Nice University
Hospital, Nice, France (ClinicalTrials.gov Identifier: NCT04868578). PXE diagnosis was
performed by experienced clinicians from the two centers (LM and GL) on the basis
of the actual diagnostic criteria for PXE [8,10]. Non-PXE patients (healthy volunteers)
were recruited from routine clinical check-ups as controls. All PXE and non-PXE patients
provided informed consent for the study.
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4.2. Preanalytical Preparation of Blood Samples

Blood samples were collected in CTAD tubes on the morning after overnight fasting.
These tubes were kept on ice until centrifugation (1000× g, 15 min, 4 ◦C). Plasma samples
were collected and ultrafiltered at 4 ◦C using Amicon 0.5 mL Ultracel® filters (Sigma-
Aldrich, Saint-Quentin Fallavier, France) to eliminate platelets and 95% of the proteins
(including albumin). All the preanalytical steps were performed as quickly as possible to
avoid PPi degradation or blood cell lysis.

4.3. Plasma PPi Concentration Measurement

The plasma PPi concentration was determined by a new method combining enzymatic
and ion chromatography (IC) techniques. This method allows cross-control of the measured
PPi values and increases the reliability of the result.

Enzymatic method: Quantification of the PPi concentration in ultrafiltered plasma
was performed using a modified method based on a previously described enzyme assay [5].
PPi was converted to ATP using sulfurylase (Bio-Techne, Rennes, France) in the presence of
APS (adenosine-5′-phosphosulfate; Sigma-Aldrich, Saint-Quentin Fallavier, France) after
incubating for 40 min at 37 ◦C and subsequently for 10 min at 90 ◦C to inactivate sulfurylase.
The generated ATP was quantified using an ATP Determination Kit (ATPlite; PerkinElmer,
Courtabeuf, France). The luminescence was measured on a microplate reader (Synergy HT,
BioTek, Shoreline, WA, USA). PPi values were obtained by subtracting the basal ATP level
measured with ATP sulfurylase-inactivated solution in each sample.

Ion chromatography method: Patient plasma ultrafiltrates were deproteinized using
acetonitrile (1/1). The samples were strongly mixed and centrifuged (12,000× g, 10 min,
4 ◦C). The same protocol (acetonitrile) was also used to quantify the calibration standard
solutions (sodium pyrophosphate dibasic, Santa Cruz Technologies, Heidelberg, Germany).
PPi detection by conductimetry was performed using an ion chromatographic Dionex
ICS-5000 plus system (Thermo Scientific, Courtabeuf, France). The system was equipped
with an eluent generator (EGC500KOH), a guard precolumn (AG11-HC), and an analytical
column (IonPac AS-11-HC). PPi peak quantification was performed using “Chromeleon
software version 7.2 SR4” (Thermo Scientific, Courtabeuf, France) by measuring the surface
area, and the results were compared to a PPi standard curve.

4.4. Statistical Analysis

All the statistical analyses were performed in Prism 10.0 (GraphPad) or R software
version 4.3.2 [21]. Data are presented as mean ± SD (standard deviation). Statistical
differences between PXE patients and non-PXE patients were compared using the Mann–
Whitney test.

The cutoff values for the plasma PPi concentration were determined using the receiver
operating characteristic (ROC) curve method to determine the best compromise between
sensitivity and specificity (Youden index) and also to explore the performance of other
thresholds (100% sensitivity and 100% specificity). The ROC analysis was performed using
the R package version 1.18.5 “pROC” [22].

The diagnostic performance of a given PPi cutoff value was tested after the overall
population was split into “training” (75%, n = 148) and “test” (25%, n = 51) datasets.
The cutoffs determined by the ROC analysis were subsequently compared to a cutoff
determined using a bootstrap analysis issued from the “training” set (i.e., “simulated-
training” dataset = 1000). Finally, the cutoff was tested in the “test” dataset. A similar
analysis was performed to determine the cutoff value for patients <50 years old (<50 y.o.).
The effect of sex on the cutoff was also determined in the “simulated-training” set and
further applied to the test dataset to evaluate the diagnostic performance as a function
of sex.
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Abstract: Small extracellular vesicles (sEVs) have been shown to promote tumorigenesis, treatment
resistance, and metastasis in multiple cancer types; however, sEVs in the aqueous humor (AH)
of uveal melanoma (UM) patients have never previously been profiled. In this study, we used
single particle analysis to characterize sEV subpopulations in the AH of UM patients by quantifying
their size, concentration, and phenotypes based on cell surface markers, specifically the tetraspanin
co-expression patterns of CD9, CD63, and CD81. sEVs were analyzed from paired pre- and post-
treatment (brachytherapy, a form of radiation) AH samples collected from 19 UM patients. In post-
brachytherapy samples, two subpopulations, CD63/81+ and CD9/63/81+ sEVs, were significantly
increased. These trends existed even when stratified by tumor location and GEP class 1 and class 2
(albeit not significant for GEP class 2). In this initial report of single vesicle profiling of sEVs in the
AH of UM patients, we demonstrated that sEVs can be detected in the AH. We further identified
two subpopulations that were increased post-brachytherapy, which may suggest radiation-induced
release of these particles, potentially from tumor cells. Further study of the cargo carried by these
sEV subpopulations may uncover important biomarkers and insights into tumorigenesis for UM.

Keywords: extracellular vesicles (EVs); uveal melanoma; aqueous humor (AH); liquid biopsy;
ocular cancer

1. Introduction

Extracellular vesicles (EVs) are the collective term for various secreted membrane-
enclosed nano-sized vesicles released by virtually every cell type [1]. EVs are classified
by size, with small EVs (sEVs), ranging from 30 to 150 nm, being the predominant size
found in intraocular biofluids [2]. Among EVs, sEVs are of the greatest interest as potential
cancer biomarkers [3,4] with tumor-derived sEVs being shown to promote tumor formation,
progression, resistance, immune response regulation, and metastases [4–7], resulting in
the emerging role of sEVs in biomarker research [8]. EVs have also been reported for
different malignances, such as colorectal cancer, to carry oncogenic factors that can trigger
malignant transformation in target cells [9]. The surfaces of sEVs are highly enriched in
tetraspanin, a protein superfamily that organize membrane microdomains by forming
clusters and interacting with a large variety of transmembrane and cytosolic signaling
proteins [10–13]. While they have been used for the phenotypic expression profiling of EVs,
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tetraspanins have a role beyond serving as cell surface markers that includes extracellular
vesicle biogenesis, cargo selection, cell targeting, and cell uptake [14].

We previously published that a distinct eye-specific subpopulation of sEVs can be
detected in pediatric aqueous humor (AH) in patients with several ocular diseases, which
included congenital cataract, congenital glaucoma, pediatric retinal disease, and retinoblas-
toma [15]. We identified enrichment of the mono-CD63+ sEV subpopulation in the AH
across all disease types [15]. In a study analyzing EVs in multiple cancers, CD63+ vesicles
were not present in human plasma, serum, and bone marrow and were present in 10% or
fewer samples of lymphatic and bile duct fluid [16]. This suggests that the mono-CD63+
sEV subpopulation may be specific to the eye and detectable in the AH. The specific role of
CD63+ sEVs in ocular tumors is yet to be described. Previous reports suggest that CD63 is
closely associated with lysosomal trafficking and is a key player in exosome formation and
release by participating in the endosomal sorting complex required for transport (ESCART)-
independent pathway [17]. In studying patients with retinoblastoma, a primary pediatric
ocular malignancy, we observed a significantly dominant subpopulation of CD63/81+
sEVs [18]. This subpopulation was more enriched before treatment and in patients with
more significant tumor burden, suggesting they are a tumor-derived subpopulation.

The composition of EVs in the AH of uveal melanoma (UM) patients has not been
previously reported. Uveal melanoma is the most common primary ocular malignancy in
adults [19]. It is a relatively rare disease (incidence: 5.1 cases per million per year), with
tumors located in either the iris (4%), ciliary body (6%), or the choroid (90%) [19]. Plaque
brachytherapy, a form of localized radiation therapy, is a standard-of-care procedure to
preserve the eye in uveal melanoma patients. The procedure involves the placement of a
radioactive plaque onto the scleral wall, followed by its subsequent removal several days
later [20]. Gene expression profiling (GEP) is a widely used prospectively validated tool to
stratify the risk of metastasis by assigning UM patients to two highly prognostic molecular
classes: class 1 (low metastatic risk) and class 2 (high metastatic risk) [21]. Our aim is to
use single particle analysis to characterize sEV subpopulations in the AH of UM patients
by quantifying their size, concentration, and phenotypes based on tetraspanin expression
patterns. Our analysis included paired pre- and post-brachytherapy AH samples, which
were further stratified by GEP class and by tumor location.

2. Results
2.1. Patient Clinical Characteristics and Demographics

Nineteen UM patients were included in this study, with paired AH samples (pre-
and post-brachytherapy collected from each patient). Based on a clinically validated and
widely used 15-gene expression profile test performed on tumor biopsy samples by Castle
Biosciences, 12 patients were GEP class 1, 4 patients were GEP class 2, and 3 patients
had unknown GEP classification. In this study, posterior tumors are defined as choroidal
tumors that do not involve the iris or ciliary body. Anterior tumors are defined as tumors
that involve the iris and/or ciliary body. A total of 11 patients had posterior tumors, and
8 patients had anterior tumors. When patients were grouped by either GEP classification
(Table A1) or tumor location (Table A2), the AJCC (American Joint Committee on Cancer)
stage showed statistically significant differences between groups. No patients withdrew or
were lost to follow-up over the study period. Aqueous humor samples from five glaucoma
(GLC) patients taken at the time of routine cataract surgery were included as the non-tumor
control group.

2.2. Small-Extracellular-Vesicle Size and Concentration Profiling

Unprocessed AH was used for extracellular-vesicle and -particle (EVP) size and
concentration profiling via Nanoparticle Tracking Analysis (NTA), with results shown
in Figure A1. Due to sample availability, 15 pre-brachytherapy AH samples and 18 post-
brachytherapy AH samples were used for this analysis. All nanoparticles’ modal size was
<150 mm, suggesting that sEVs (which range between 30 and 150 nm) are the major EV
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constituent in AH. The results demonstrate no significant difference in average particle
counts per size, average modal size, or average concentration between pre- and post-
brachytherapy samples (Figure A1A–C). Average modal size and particle concentration
also did not demonstrate any significant differences in tumor location (Figure A1D,E) or
GEP classes (Figure A1F,G) in pre-brachytherapy samples.

2.3. Tetraspanin Expression Profiling and Quantification

Total sEV counts and tetraspanin-based subpopulation profiles between the non-
tumor control group and the UM group are shown in Figure A2. Total sEV counts between
5 glaucoma (GLC) and the 19 pre-brachytherapy UM samples showed no significant
difference. CD63+ sEVs was the dominant subpopulation in both GLC samples and UM
samples, with GLC having a significantly higher percentage. UM pre-brachytherapy
samples exhibited a more diverse sEV subpopulation profile than GLC, with significantly
increased percentages of CD9/63+, CD9/81+, CD63/81+, and CD9/81/63+ sEVs.

2.3.1. Comparison of Small Extracellular Vesicle Profiles between Paired Pre- vs.
Post-Brachytherapy AH Samples

sEV counts are shown between the 19 paired pre- and post-brachytherapy AH samples
in Figure 1. An increasing trend was observed for the total EV counts after therapy.

Figure 1. Comparison of total sEV counts pre- and post-brachytherapy. (A) Paired sEV counts for
each sample. (B) Box-and-whisker plot of pooled sEV counts.

Figure 2 illustrates the changes in the percent composition of sEV subpopulations iden-
tified by expression profiles by using three tetraspanin markers (CD9+, CD63+, and CD81+).
In comparison to pre-brachytherapy samples (Figure 2A), the mean percentage of CD63+
sEVs showed a significant decrease in post-brachytherapy samples (p = 0.003) (Figure 2A,B).
On the other hand, the mean percentages of CD63/81+ sEVs and CD9/63/81+ sEVs showed
a significant increase in post-brachytherapy samples (p < 0.001) (Figure 2A,B). Both paired
pre- and post-brachytherapy results from each individual sample as well as pooled results
for each of these three subpopulations demonstrate these trends (Figure 2C–E).
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1 
 

 
Figure 2. sEV subpopulation dynamics. (A,B) Comparison of percent composition of sEV subpopula-
tions pre- and post-brachytherapy. Percentages of CD63+ (C), CD63/81+ (D), and CD9/63/81+ (E).
sEV subpopulations pre- and post-brachytherapy, shown as paired percentage for each sample and
pooled percentage for all samples. ** p < 0.01, *** p < 0.001.

2.3.2. Comparison of Small Extracellular Vesicle Profiles among Aqueous Humor Samples
Stratified by Gene Expression Profile Class and Tumor Location

sEV tetraspanin expression profiles were compared in pre- and post-brachytherapy
samples after stratifying by GEP class and tumor location. In pre-brachytherapy samples,
there was no significant difference in total sEV counts or sEV subpopulation percentages
between GEP classes and between anterior and posterior tumors (Figure A3). The sub-
population percentages of CD63+, CD63/81+, and CD9/63/81+ sEVs were compared for
each GEP class between pre- and post-brachytherapy samples, as shown in Figure 3A–C.
In GEP class 1 tumors, the mean percentages showed a statistically significant decrease
from pre- to post-brachytherapy in CD63+ sEVs (p = 0.002) and a statistically significant
increase in CD63/81+ sEVs (p = 0.001) and CD9/63/81+ sEVs (p < 0.001). GEP class 2
samples showed these same trends; however, the results were not significant. The subpop-
ulation percentages of CD63+, CD63/81+, and CD9/63/81+ sEVs were compared for each
tumor location between pre- and post-brachytherapy samples, as shown in Figure 3D–F. In
posterior tumors, the mean percentages showed a statistically significant decrease from
pre- to post-brachytherapy in CD63+ sEVs (p = 0.042) and a statistically significant increase
in CD63/81+ sEVs (p = 0.005) and CD9/63/81+ sEVs (p = 0.010). In anterior tumors, the
mean percentages showed a statistically significant increase in CD63/81+ sEVs (p = 0.016)
and CD9/63/81+ sEVs (p = 0.016). There was a decrease in the mean percentage of CD63+
sEVs; however, it was not significant.
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Figure 3. Comparison of percent composition of CD63+, CD63/81+, and CD9/63/81+ sEV sub-
populations pre- and post-brachytherapy after GEP class stratification (A–C) and tumor location
stratification (D–F).

3. Discussion

Herein, we present the first investigation into sEVs in UM patients with the use
of single vesicle analysis. We demonstrate that sEVs can be detected in the AH of UM
patients and their tetraspanin expression can be profiled by using single vesicle analysis.
By comparing paired pre- and post- brachytherapy AH samples from 19 UM patients, the
effect of radiation on sEV subpopulations was trended in all samples and further analyzed
after sample stratification into GEP class and tumor location.

We have previously shown in UM patients that post-brachytherapy AH had signifi-
cantly higher DNA and miRNA concentrations than pre-brachytherapy AH [22]. Higher
tumor-derived nucleic acids have also been shown in plasma. In Francis et al., patients
undergoing 3-day plaque brachytherapy had significantly more tumor-derived cell-free
DNA in the plasma 48–72 h after plaque brachytherapy compared with less than 48 h after
therapy. It was speculated in both studies that radiation from brachytherapy caused tumor
cell necrosis and lysis, releasing DNA into the AH and blood [23].

Our results in this current study suggest that brachytherapy can similarly result in
the release of sEVs into the AH. Two separate platforms, NTA NanoSight NS300 and
ExoView R100, yielded consistent results of clear increasing trends in total sEV counts
and concentrations in post-brachytherapy samples. While the results are consistent in
showing an increase in sEVs post-brachytherapy, a limited sample size and high sample
variability may be the cause of the statistical results not being significant. Two subpopula-
tions, CD63/81+ and CD9/63/81+ sEVs, demonstrated significantly increased percentages
in post-brachytherapy samples, suggesting radiation-induced release of these vesicles
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(Figure 2). The increase in percentage of these two subpopulations is presumed to be the
cause of the decrease in the percentage of the normally dominant CD63+ subpopulation,
an AH-specific subpopulation reported in several pediatric ocular disease states [15].

When stratified based on GEP class, significantly increased percentages of CD63/81+
and CD9/63/81+ sEV subpopulations in post-brachytherapy samples were seen in GEP
class 1 (low metastatic risk) tumors. While these same trends existed in GEP class 2 (high
metastatic risk) tumors, the increase was not significant. Studies investigating differences
in treatment response to brachytherapy between both GEP classes have not reached a con-
sistent result. Some studies revealed that GEP class 1 tumors regress more rapidly [24,25],
while others showed that GEP class 2 tumors had more rapid regression [26] or no sta-
tistically significant difference [27,28]. For this reason, we cannot conclude that inherent
differences in responses to radiation between both classes of tumors result in more sEV
release in GEP class 1 tumors. It is more likely that we could not achieve significance in GEP
class 2 tumors due to a low sample size (12 GEP 1 pairs vs. 4 GEP 2 pairs). Tumor location
does not influence the preferential release of these sEV subpopulations; the percentages of
CD63/81+ and CD9/63/81+ sEVs demonstrated a significant increase post-brachytherapy
in both anterior and posterior tumors (12 anterior vs. 7 posterior pairs).

The enrichment of CD63/81+ and CD9/63/81+ sEVs in post-brachytherapy samples
suggests that these subpopulations may be tumor-derived. However, definitive tumor
origin is not evidenced in this study, as these vesicles may have been the result of a
radiation-induced change in the surrounding normal cells, such as brachytherapy-induced
tissue necrosis resulting in sEV release.

In retinoblastoma eyes, the CD63/81+ sEV subpopulation was also hypothesized to
be tumor-derived [18]. Given its association with both UM and retinoblastoma, further
investigation into the cargo of these sEVs is warranted. Using UM cell lines, Tsering
et al. showed that protein cargo derived from EVs may be involved in tumorigenesis and
metastatic dissemination [7]. These studies demonstrate that investigating the cargo of
tumor-derived EVs may increase our understanding of critical molecular processes of the
tumor. These findings may have direct clinical benefits in the form of biomarkers of disease
and drug targeting.

In conclusion, we present the phenotypic profiles of sEV subpopulations collected
from AH pre- and post-brachytherapy in uveal melanoma patients. To our knowledge,
this is the first time sEVs are reported from UM AH samples. Through the profiling of
tetraspanin cell surface markers, we confirm that sEVs were present in all AH samples in
UM patients. After brachytherapy, two subpopulations, CD63/81+ and CD9/63/81+ sEVs,
constituted a significantly higher percentage of sEV distribution than before therapy. It is
possible that CD63/81+ and CD9/63/81+ sEVs may be tumor-derived, although further
studies are needed to identify the origin of these vesicles. We currently plan to expand
our analysis of sEVs by using a multiplex bead-based flow cytometry assay with a panel
that incorporates cancer-specific biomarkers. This approach would have the potential
to improve our understanding of the origin of sEV subpopulations that are enriched
after treatment.

4. Materials and Methods

This investigation was a case-series study at a tertiary care hospital (University of
Southern California Roski Eye Institute). Samples were taken between August 2020 and
May 2021.

4.1. Sample Collection

AH was collected from each patient before and after radioactive plaque placement,
a form of localized radiation to treat UM. AH pre-brachytherapy samples were taken at
the first surgery, before any significant radiation, and then again at the time of plaque
removal, after a dose of 85 Gy to the tumor apex had been given (post-brachytherapy AH).
As previously described in detail [29], clear corneal paracentesis was performed to extract
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up to 0.1 mL of AH by using a 32 gauge needle on a 1 cc syringe, as part of a routine
procedure for anterior segment surgery at diagnosis or during treatment. Samples were
transported on dry ice and stored at −80 ◦C until analysis.

4.2. Nanoparticle Tracking Analysis

By using 10 µL of unprocessed AH, NTA NanoSight NS300 Platform was used to
evaluate the sizes and concentrations of extracellular vesicles and particles (EVPs). This
platform is equipped with a 405 nm laser and sCMOS camera, which are used to record the
Brownian movement of particles in suspension. The movement was then analyzed via the
Stokes–Einstein equation to obtain the hydrodynamic radius and vesicle count for each
modal size. NTA software 3.4 was used to perform data analysis, with the average of at
least five camera recordings being presented. Results were shown as particle count per
size distribution.

4.3. Single Particle-Interferometric Reflectance Imaging Sensor Analysis

Single sEV analysis was performed by using SP-IRIS-based ExoView R100 platform
and ExoView Human Tetraspanin Kit (Unchained Labs, Pleasanton, CA, USA) as previ-
ously published [15,18]. Between 0.25 and 10 µL of unprocessed AH was diluted by using
buffer A to a final volume of 40 µL. Then, 35 µL of each sample was incubated by using the
ExoView Tetraspanin Chip at room temperature in an area free of vibrations or movement
and sealed with tape to prevent drying out. The chips were then washed three times by
using solution A from the kit and then incubated with immunocapture antibodies (anti-CD9
CF488, anti-CD81 CF555, and anti-CD63 CF647). Further information on antibodies can
be found in the (Supplementary Material Figures S1 and S2). Antibodies were diluted as
per the manufacturer’s protocol (Unchained Labs) to a final concentration of 0.5 µg/µL.
After 1 h incubation at room temperature and subsequent washing and drying, the chips
were then imaged with the ExoView R100 reader by using ExoView Scanner version 3.2
acquisition software; data were analyzed with ExoView Analyzer version 3.2. The volume
of each sample loaded was calculated to ensure that particle counts fell within the instru-
ment’s linear detection range (200 to 6000 particles per fluorescent channel). For the final
analysis, particle counts were normalized to a standardized volume of 10 µL by using a
dilution factor.

4.4. Statistical Analysis

Fisher’s exact test was used to compare categorical variables (sex, eye, eye color,
ciliary body involvement, and PRAME Status; Tables A1 and A2). Continuous variables
were summarized as means ± standard error of mean (SEM) (all tables and figures). All
continuous variables were non-normally distributed based on Shapiro–Wilk testing [30].
Non-normally distributed variables, such as EV counts and percentages, were compared
by using non-parametric Wilcoxon Signed-Rank tests (paired samples; Figures 1–3) and
Mann–Whitney U tests (EV count comparison (Figures A1–A3) and EV subpopulation
percentages across GLC versus UM (Figure A2)) [31]. Analysis of variance (ANOVA) testing
(Kruskal–Wallis test) and Dunn’s multiple comparison tests were used for GEP classes
and tumor locations (Figure A3). The ANOVA report can be found in the (Supplementary
Material Table S1). Tetraspanin co-expression percentages were calculated based on the
total number of fluorescent particles in the sample per SP-IRIS analysis. All statistical tests
were 2-tailed, and p < 0.05 was considered statistically significant (Figures 1–3 and A1–A3;
age, AJCC stage, and tumor stage in Tables A1 and A2). Analyses were conducted and
plots obtained by using Prism 10 (GraphPad, La Jolla, CA, USA).

5. Patents

Drs. Jesse L. Berry and Liya Xu have filed a patent application entitled Aqueous
humor cell free DNA for diagnostic and Prognostic evaluation of Ophthalmic Disease.
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Appendix A

Table A1. Univariate comparison of clinical characteristics between GEP1 and GEP2 UM patients.

Characteristic GEP1, n = 12 GEP2, n = 4 p-Value

Sex (Fisher), n (%) >0.999
Females 7 (58.3) 3 (75.0)
Males 5 (41.7) 1 (25.0)

Eye (Fisher), n (%) 0.569
OD 7 (58.3) 1 (25.0)
OS 5 (41.7) 3 (75.0)

Age at diagnosis, mean (±SD) (MWU) 53.3 (15.5) 58 (7.8) 0.425

Eye color (Fisher), n (%) 0.569
Light (blue, gray,
green, and hazel) 7 (58.3) 1 (25.0)

Dark (brown) 5 (41.7) 3 (75.0)

Ciliary body involvement (Fisher), n (%) >0.999
Yes 6 (50.0) 2 (50.0)
No 6 (50.0) 2 (50.0)
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Table A1. Cont.

Characteristic GEP1, n = 12 GEP2, n = 4 p-Value

AJCC stage (linear-by-linear association), n (%) 0.009
I 5 (41.7) 0 (0)
IIA 5 (41.7) 1 (25.0)
IIB 2 (16.6) 1 (25.0)
IIIA, IIIB, IIIC 0 (0) 2 (50.0)

PRAME status, known in 17 cases (Fisher), n (%) 0.450
Negative 11 (91.7) 3 (75.0)
Positive 1 (8.3) 1 (25.0)

Tumor Stage (linear-by-linear association), n (%) 0.009
T1a 5 (41.7) 0 (0)
T1b 4 (33.3) 0 (0)
T2a 1 (8.3) 1 (25.0)
T2b 1 (8.3) 1 (25.0)
T3 1 (8.3) 1 (25.0)
T4 0 1 (25.0)

AJCC, American Joint Committee in Cancer; Fisher, Fisher’s exact test; GEP, gene expression profile; MWU,
Mann–Whitney U test; OS, oculus sinister (left eye); OD, oculus dextrus (right eye); PRAME, preferentially
expressed antigen in melanoma; SD, standard deviation.

Table A2. Comparison of clinical characteristics of UM patients with anterior and posterior tumors.

Characteristic Posterior, n = 11 Anterior, n = 8 p-Value

Sex (Fisher), n (%) 0.633
Females 6 (54.5) 6 (75.0)
Males 5 (45.4) 2 (25.0)

Eye (Fisher), n (%) 0.370
OD 4 (36.3) 5 (62.5)
OS 7 (63.7) 3 (37.5)

Age at diagnosis, mean (±SD) (MWU) 57.2 (12.2) 54.0 (15.5) 0.888

Eye color (Fisher), n (%) 0.352
Light (blue, gray, green,
and hazel) 5 (45.4) 6 (75.0)

Dark (brown) 6 (54.5) 2 (25.0)

GEP class (Fisher), n (%) >0.999
GEP1 6 (75.0) 6 (75.0)
GEP2 2 (25.0) 2 (25.0)

AJCC stage (linear-by-linear association), n (%) 0.040
I 8 (72.7) 0 (0)
IIA 1 (9.1) 5 (62.5)
IIB 1 (9.1) 2 (25.0)
IIIA, IIIB, IIIC 1 (9.1) 1 (12.5)

PRAME status, known in 17 cases (Fisher), n (%) >0.999
Negative 7 (87.5) 7 (87.5)
Positive 1 (12.5) 1 (12.5)

Tumor stage (linear-by-linear association), n (%) 0.011
T1a 8 (72.7) 0 (0)
T1b 0 (0) 4 (50.0)
T2a 1 (9.1) 1 (12.5)
T2b 0 (0) 2 (25.0)
T3 1 (9.1) 1 (12.5)
T4 1 (9.1) 0 (0)

AJCC, American Joint Committee in Cancer; Fisher, Fisher’s exact test; GEP, gene expression profile; MWU,
Mann–Whitney U test; OS, oculus sinister (left eye); OD, oculus dextrus (right eye); PRAME, preferentially
expressed antigen in melanoma; SD, standard deviation.
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Figure A1. Characterization of EVPs from unprocessed AH by Nanoparticle Tracking Analysis.
(A–C) Average particle counts versus size distribution, average modal size, and average particle
concentration in pre- and post-brachytherapy samples. (D,E) Average modal size and particle
concentration in anterior and posterior tumors. (F,G) Average modal size and particle concentration
in GEP class 1 and GEP class 2 tumors. Error bars represent standard deviations obtained from each
study group. Due to AH availability, full experimental cohort was not included in this analysis.

Figure A2. Quantitative comparison of sEV tetraspanin subpopulation expression profiles in glau-
coma (GLC) and UM pre-brachytherapy (UM_pre) AH samples. (A) Mean total sEV counts compared
between GLC and UM_pre AH samples. (B) Mean sEV subpopulation percentages compared between
GLC and UM_pre AH samples.
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Figure A3. Comparison of pre-brachytherapy AH samples stratified into GEP class and tumor
location. (A) Total EV counts in GEP class 1 and GEP class 2 tumors. (B) sEV tetraspanin expression
profiles in GEP class 1 and GEP class 2 tumors. (C) Total EV counts in anterior and posterior tumors.
(D) sEV tetraspanin expression profiles in anterior and posterior tumors.
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Abstract: Primary sclerosing cholangitis (PSC) is a serious liver disease associated with inflammatory
bowel disease (IBD). Galectin-3, an inflammatory and fibrotic molecule, has elevated circulating
levels in patients with chronic liver disease and inflammatory bowel disease (IBD). This study aims to
clarify whether galectin-3 can differentiate between patients with IBD, PSC, and PSC-IBD. Our study
measured serum galectin-3 levels in 38 healthy controls, 55 patients with IBD, and 22 patients with
PSC (11 patients had underlying IBD and 11 patients did not), alongside the urinary galectin-3 of
these patients and 18 controls. Serum and urinary galectin-3 levels in IBD patients were comparable
to those in controls. Among IBD patients, those with high fecal calprotectin, indicating severe disease,
exhibited lower serum and elevated urinary galectin-3 levels compared to those with low calprotectin
levels. Serum galectin-3 levels were inversely correlated with C-reactive protein levels. PSC patients
displayed higher serum and urinary galectin-3 levels than IBD patients, with the highest serum
levels observed in PSC patients with coexisting IBD. There was no correlation between serum and
urinary galectin-3 levels and laboratory indicators of liver injury in both IBD and PSC patients. In
conclusion, this study demonstrates that serum and urinary galectin-3 levels can distinguish IBD
from PSC patients, and also reveals higher serum galectin-3 levels in PSC-IBD patients compared to
those with isolated PSC.

Keywords: galectin-3; aminotransferase; calprotectin; urine; primary sclerosing cholangitis; inflammatory
bowel disease

1. Introduction

Primary sclerosing cholangitis (PSC) is a rare chronic biliary disease with a prevalence
of approximately 6 per 100,000 person-years in the UK population [1]. This disease is
progressive and is characterized by the destruction of the bile ducts, leading to cholestasis,
liver fibrosis, and, ultimately, liver cirrhosis. Currently, there are no effective drugs identi-
fied to halt the progression of the disease. Diagnosing PSC can be challenging, as noted by
Pria et al. [2]. The gold standard for initial non-invasive diagnostics is magnetic resonance
cholangiopancreatography (MRCP) [3,4]. This cost-intensive imaging method also has
uncertainties in the assessment of the bile ducts, which is why non-invasive markers are
needed. Furthermore, it is advised that patients with IBD undergo annual liver function
screening, irrespective of symptoms [5].

PSC is frequently linked to inflammatory bowel disease (IBD), with about 70% of PSC
patients also suffering from IBD [5].The two main entities of IBD are Crohn’s disease (CD)
and ulcerative colitis (UC) [6–8]. Despite extensive research identifying genetic factors,
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microbial dysbiosis, immune dysfunction, and environmental influences as contributors to
IBD pathogenesis, its exact cause remains unclear [9].

Non-invasive diagnostic and prognostic biomarkers for PSC are currently an area of
unmet need [10]. Biomarkers such as anti-neutrophil cytoplasmic antibodies (ANCAs)
are suboptimal in their performance [10]. One study from Australia showed that more
than 80% of IBD patients had a positive ANCA result and a significant proportion had
proteinase 3 antibodies. However, no specific ANCA pattern predicted a specific IBD
subtype or PSC [11]. Anti-glycoprotein 2 combined with ANCAs to serine proteinase 3
(PR3-ANCA) are prognostic in PSC for poor survival [12] but have still to be tested in
larger cohorts.

Galectin-3 is expressed by various human cells, especially immune cells, adipocytes,
epithelial cells, and endothelial cells, and serum galectin-3 levels are elevated in obe-
sity [13–15]. Galectin-3 is an inflammatory and fibrotic molecule. Inflammation is known to
be an important pathogenic event in liver injury, and reactive oxygen species (ROS) cause
the induction of pro-inflammatory genes. Excessive production of ROS and overexpression
of these pro-inflammatory proteins play an important role in the progression of liver disease
severity [16,17]. Galectin-3 activates myofibroblasts, which produce excess extracellular
matrix, resulting in scar formation. Mice deficient in galectin-3 were protected from carbon
tetrachloride-induced liver fibrosis and non-alcoholic steatohepatitis (NASH) [18,19]. It has
been suggested that galectin-3 plays a causal role in tissue fibrosis. In the liver, galectin-3
expression is induced in cirrhosis. Higher hepatic and serum galectin-3 levels have been re-
ported in patients with chronic liver disease of various etiologies compared to liver-healthy
controls [18,20–25]. In liver cirrhosis, hepatocyte galectin-3 levels are strongly induced,
whereas in patients with cholestasis, mostly galectin-3 expression of Kupffer cells is up-
regulated. In the normal liver, galectin-3 is expressed in bile duct cells, and the galectin-3
protein levels of bile duct cells also seem to be increased in cholestasis and cirrhosis [26,27].

This has led to the development of galectin-3-blocking agents as anti-fibrotic drugs.
Currently, the effects of galectin-3 inhibitors are being investigated in patients with liver
fibrosis. However, the drugs tested so far have not been able to improve the fibrosis stage
in patients with NASH [28].

Dextran sodium sulfate (DSS) is frequently used to induce IBD in mice by adding it
to their drinking water. DSS disrupts the epithelial barrier, allowing intestinal bacteria to
invade the mucosa, leading to immune cell infiltration and inflammation. A leaky gut leads
to liver and bile duct inflammation, which can progress to cirrhosis. Impaired liver function
and intestinal inflammation contribute to intestinal dysbiosis, which can further exacerbate
the disease [29,30] (Figure S1). In the DSS model, a comparison between wild-type and
galectin-3-deficient mice revealed that galectin-3 plays a role in resolving inflammation.
Furthermore, acute DSS-induced colitis was ameliorated by galectin-3 treatment [31]. In
both acute and chronic models of colitis, a peritoneal injection of recombinant galectin-3
significantly reduced colonic IL-6 levels [32].

It is worth noting that serum galectin-3 levels in patients with UC showed a negative
correlation with endoscopic and histological parameters of colitis. Additionally, elevated
fecal galectin-3 levels were found to be an indicator of UC remission [31].

Recent studies observed increased serum galectin-3 levels in IBD, which were unable
to distinguish between active disease and remission in both UC and CD patients [33,34].
This suggests that galectin-3 may not be a reliable biomarker for disease activity in IBD.
It has also been reported that serum galectin-3 levels did not differ between IBD patients
and controls [35]. To summarize, current evidence is inconclusive about systemic levels of
galectin-3 and its association with disease activity in IBD.

Urinary proteins are increasingly recognized as biomarkers for a range of diseases [36].
Elevation of galectin-3 in urine may serve as a marker for progressive kidney injury and
renal fibrosis. Additionally, it has been identified as a biomarker for heart failure and
various cancers [36–38].
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Renal manifestations are present in approximately 6% of patients with IBD. The most
frequent type of renal involvement is nephrolithiasis [39,40]. IBD patients with renal
involvement had a lower glomerular filtration rate and higher serum creatinine levels
compared to IBD patients with normal renal function [40]. Nephrolithiasis is twice as
common in patients with chronic liver disease in comparison to healthy individuals [41].

Galectin-3 in serum can indicate liver diseases. However, it has not been evaluated
whether it can distinguish between PSC and IBD. Therefore, in this study, the serum galectin-
3 levels of healthy controls, patients with IBD, and patients with PSC were measured to
address this issue. In addition, the potential of urinary galectin-3 as a biomarker for PSC
was analyzed.

2. Results
2.1. Serum and Urinary Galectin-3 of IBD Patients

The cohort included 55 IBD patients, 22 PSC patients (11 patients had underlying IBD
and 11 patients did not), and 38 controls. The controls and patients had a comparable age
and gender distribution (Table 1). The PSC patients had higher serum creatinine and a lower
glomerular filtration rate (GFR) than the IBD patients. Aspartate aminotransferase (AST),
gamma glutamyl transferase (gamma GT), alkaline phosphatase (AP) and bilirubin were
elevated in PSC compared to IBD patients (Table 1). The urinary protein/creatinine levels
of controls and patients with IBD or PSC were similar. The cutoff value for proteinuria is
0.2 [42], showing that our controls and patients had normal renal function.

Table 1. Characteristics of the study groups. The PSC cohort included 11 patients with PSC and
IBD and 11 patients with PSC without underlying IBD (PSCwoIBD). The IBD cohort does not include
patients with PSC. Data are reported as median, minimum, and maximum values. The Model for
End Stage Liver Disease (MELD) score was documented for PSC patients. Urine protein/creatinine
ratio of 18 controls has been determined. The statistical test used: Kruskal–Wallis Test (alanine amino-
transferase (ALT), alkaline phosphatase (AP), aspartate aminotransferase (AST), gamma glutamyl
transferase (gamma GT), glomerular filtration rate (GFR), not determined (n.d.)). * p < 0.05, ** p < 0.01,
*** p < 0.001.

Characteristics IBD PSC Controls

Number (females/males) 55 (23/32) 22 (6/16) 38 (20/18)
Age (years) 47 (19–70) 52 (18–70) 55 (23–78)

BMI (kg/m2) 25.1 (15.5–40.4) 24.8 (18.0–31.8) n.d.
C-reactive protein (mg/L) 3 (0–144) 2 (0–51) n.d.

Creatinine (mg/dL) 0.83 (0.51–1.25) * 1.02 (0.68–3.94) * n.d.
GFR (mL/min) 100 (61–136) * 86 (12–135) * n.d.

Fecal calprotectin (µg/g) 49 (0–3889) 35 (0–999) n.d.
AST (U/L) 25 (10–41) * 27 (15–177) * n.d.
ALT (U/L) 20 (7–63) 27 (5–89) n.d.

Gamma GT (U/L) 26 (11–74) * 54 (10–345) * n.d.
AP (U/L) 64 (43–142) *** 117 (57–537) *** n.d.

Bilirubin (mg/dL) 0.50 (0.15–1.90) ** 0.70 (0.20–14.00) ** n.d.
MELD Score n.d. 6 (6–20) n.d.

Urine protein/creatinine 0.05 (0–14.89) 0.08 (0–4.60) 0.05 (0 –0.20)

In the control cohort, serum galectin-3 was negatively correlated with age (r = −0.363,
p = 0.025). No such association was observed for urinary galectin-3 (r = 0.439, p = 0.101).
Serum galectin-3 was higher in women than in men (p = 0.054), whereas urinary galectin-3
was similar in both sexes (p = 0.814).

In IBD patients, serum and urine galectin-3 did not correlate with age (r = −0.080,
p = 0.562 and r = 0.008, p = 0.954, respectively) and BMI (r = −0.054, p = 0.705 and r = 0.057,
p = 0.708, respectively). Males and females had similar serum (p = 0.986) and urinary
(p = 0.821) galectin-3 levels.
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Serum and urine galectin-3 in IBD were not correlated (r = −0.083, p = 0.566). The IBD
cohort included 36 patients with CD and 19 patients with UC. Serum and urinary galectin-3
were similar between these two groups (Figure 1A,B).
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Figure 1. Serum and urinary galectin-3 (Gal3) of healthy controls (HC) and patients with Crohn’s
disease (CD) and ulcerative colitis (UC). (A) Serum Gal3; (B) urinary Gal3. Small circles in the figures
are outliers.

Stratifying IBD patients by fecal calprotectin levels showed no significant difference
in serum galectin-3 levels across groups (p = 0.168; Figure 2A). Specifically, 27 patients
had fecal calprotectin levels < 50 µg/g, 11 had levels between 50 and 150 µg/g, 8 had
levels between 150 and 500 µg/g, and 7 had levels > 500 µg/g, with data for 2 patients
undocumented. Nonetheless, a trend toward lower serum galectin-3 levels was observed in
patients with high fecal calprotectin compared to those with low levels (p = 0.056). Of note,
urinary galectin-3 levels were significantly different (p = 0.024) and increased in patients
with high calprotectin (Figure 2B). Serum creatinine (p = 0.639) and GFR (p = 0.073) were
not changed with increasing levels of fecal calprotectin.
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(B) urinary Gal3. * p < 0.05, ** p < 0.01. The small circle in the (B) is an outlier.

In IBD, galectin-3 in serum and urine did not correlate with creatinine, GFR, and fecal
calprotectin. Serum galectin-3 was negatively correlated with CRP (Table 2). ALT, AST,
gamma GT, and AP correlated with neither the serum nor urinary galectin-3 of IBD patients
(p > 0.05 for all).

147



Int. J. Mol. Sci. 2024, 25, 4765

Table 2. Spearman correlation of serum and urinary galectin-3 with creatinine, glomerular filtration
rate, C-reactive protein, and fecal calprotectin in IBD.

Creatinine Glomerular Filtration Rate C-Reactive
Protein Fecal Calprotectin

Serum Galectin-3

r = 0.049 r = 0.002 r = −0.284 r = −0.102
p = 0.727 p = 0.989 p = 0.043 p = 0.463

Urinary Galectin-3

r = −0.203 r = 0.126 r = 0.107 r = 0.090
p = 0.161 p = 0.387 p = 0.474 p = 0.539

Galectin-3 has been described as a diagnostic biomarker for tumors [43]. In our IBD
patients, 10 patients (of the 52 patients where this was documented) developed tumors
during therapy. Serum galectin-3 (p = 0.296) was similar between IBD patients with and
without tumors. The urinary galectin-3 of patients with tumors tended to be increased
(p = 0.141) (Figure S2).

Intestinal fistulas are mostly a complication of CD [44], but IBD patients with fistulas
(14 patients) had similar serum (p = 0.323) and urine (p = 0.441) galectin-3 levels to patients
without fistulas.

2.2. Serum and Urinary Galectin-3 of PSC Patients

PSC is a liver disease associated with IBD [5], and serum galectin-3 was higher in PSC
compared to IBD patients and healthy controls (Figure 3A). The area under the receiver
operating characteristic (AUROC) for discrimination of PSC and IBD was 0.673.
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Figure 3. Serum and urinary galectin-3 (Gal3) of healthy controls (HC), patients with inflamma-
tory bowel disease (IBD) and patients with primary sclerosing cholangitis (PSC). (A) Serum Gal3;
(B) urinary Gal3; (C) serum Gal3 of PSC patients without IBD (PSCwoIBD) and PSC patients with IBD
(PSC-IBD). * p < 0.05, ** p < 0.01, *** p < 0.001. Small circles and asterisk in the figure are outliers.

Urinary galectin-3 of PSC patients was induced in comparison to IBD patients but was
similar to healthy controls (Figure 3B). The AUROC for discrimination of PSC and IBD
patients was 0.696.

The 11 PSC-IBD patients had higher serum galectin-3 than the 11 PSC patients without
underlying IBD (PSCwoIBD) (p = 0.033) (Figure 3C). Urinary galectin-3 was comparable
(p = 0.751).

Galectin-3 serum levels of PSCwoIBD patients were similar to IBD patients, and were
significantly higher in PSC-IBD (Figure 4A). The AUROC for discrimination of PSC-IBD
from IBD was 0.760. PSCwoIBD and PSC-IBD patients had similar calprotectin, CRP, creati-
nine, and GFR (p > 0.05).
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Figure 4. Serum galectin-3 (Gal3) of healthy controls (HC), patients with inflammatory bowel disease
(IBD), patients with primary sclerosing cholangitis without underlying IBD (PSCwoIBD), and PSC-IBD
patients: (A) Serum Gal3 of IBD, PSCwoIBD, and PSC-IBD patients; (B) serum Gal3 of HC, PSCwoIBD,
and PSC-IBD patients. * p < 0.05, ** p < 0.01, *** p < 0.001. Small circle in the figure is an outlier.

Galectin-3 serum levels of PSCwoIBD and PSC-IBD were higher compared to healthy
controls (Figure 4B).

In PSC patients, galectin-3 in both serum and urine did not correlate with creatinine,
GFR, CRP, and fecal calprotectin (Table 3). ALT, AST, gamma GT, AP, and the MELD score
correlated with neither the serum nor urinary galectin-3 of PSC patients (p > 0.05 for all).

Table 3. Spearman correlation coefficients for the correlation of serum and urinary galectin-3 with
creatinine, glomerular filtration rate, C-reactive protein, and fecal calprotectin in patients with PSC.

Creatinine Glomerular Filtration Rate C-Reactive
Protein Fecal Calprotectin

Serum Galectin-3

r = 0.091 r = 0.035 r = −0.335 r = 0.105
p = 0.803 p = 0.914 p = 0.287 p = 0.759

Urinary Galectin-3

r = −0.145 r = −0.049 r = −0.145 r = −0.138
p = 0.592 p = 0.858 p = 0.592 p = 0.623

In PSC-IBD patients, a negative correlation of serum galectin-3 and CRP (r = −0.652,
p = 0.041) was observed. All other laboratory measures did not significantly correlate with
the serum or urinary galectin-3 of PSC-IBD and PSCwoIBD patients (p > 0.05 for all).

3. Discussion

In our study, we analyzed galectin-3 levels in serum and urine, finding that serum
galectin-3 levels can distinguish between IBD and PSC-IBD patients. Notably, PSC-IBD pa-
tients exhibit higher serum galectin-3 levels compared to both PSC without IBD (PSCwoIBD)
and IBD patients alone, suggesting a pathophysiological and clinical relevance.

Experimental studies in mice with colitis have mostly provided evidence for a protec-
tive role of galectin-3 [31,32,45]. Current evidence about systemic levels of galectin-3 in IBD
and its association with disease activity is, however, inconclusive [31,33–35]. In our cohort,
serum and urinary galectin-3 levels were similar in IBD patients and controls, and did not
differ between UC and CD patients. IBD patients with high fecal calprotectin levels showed
a decrease in serum galectin-3 and a concomitant increase in urinary galectin-3. Creatinine
and GFR did not change in patients with massive inflammation, and renal disease did not
appear to cause this change. The negative correlation of serum galectin-3 with CRP in IBD
is consistent with a decrease in serum galectin-3 levels in active disease. Reduced serum
galectin-3 in patients with higher disease activity has been reported by Volarevic et al. [31],
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but, e.g., Yu et al. did not identify different galectin-3 serum levels of IBD patients with
active and inactive disease [34]. However, it is difficult to compare the disease severity of
patients enrolled in different studies. Thus, some of our IBD patients may have more severe
disease and correspondingly lower serum galectin-3 levels compared to patients enrolled
in other studies. The median fecal calprotectin level of our patients was 50 µg/g and was
higher than that of the patients in the study by Volarevic et al. [31], where most patients
had calprotectin levels below 25 µg/g. It remains to be seen whether fecal calprotectin
levels determined by different assays can be compared.

PSC is often associated with IBD [5,46]. The diagnosis of PSC remains challenging
and there is currently no non-invasive biomarker available [46,47]. As serum galectin-3
is elevated in patients with chronic liver disease [20], it can be hypothesized that serum
galectin-3 may discriminate between IBD and PSC. Serum and urinary galectin-3 levels
were indeed higher in PSC compared to IBD patients. Serum galectin-3 was also elevated in
PSC patients compared to healthy controls, in agreement with previous studies [20,21,25].

It is of particular interest that serum and urinary galectin-3 levels are not associated
with elevated ALT and AST levels, yet are clearly associated with PSC.

PSC patients with underlying IBD had higher serum galectin-3 than patients with
isolated PSC. Previous studies suggested a protective role of galectin-3 in IBD [32,48], and
higher levels in PSC-IBD may thus contribute to less severe IBD, commonly described
in patients with PSC-IBD [5]. Whether serum galectin-3 can be used as a biomarker to
differentiate patients with isolated PSC from patients with PSC-IBD is a matter for future
research. PSCwoIBD patients have a more rapid progression of liver fibrosis compared to
PSC-IBD patients, who have a higher risk of malignancy [49].

Galectin-3 plays a role in several diseases and has been described as a biomarker for
different types of cancer, liver disease, kidney disease, and heart failure [36,43]. In IBD,
serum galectin-3 was not increased in patients who developed tumors during therapy.
Urinary galectin-3 was slightly higher, but this effect was not significant. The morbidity
pattern among middle-aged and older individuals in Germany was evaluated in 2023. This
study identified clinically meaningful multimorbidity classes (their prevalence is given
in brackets) such as the arthrosis/inflammation/mental illness class (21%), the hyperten-
sion/metabolic class (22%), and the cardiovascular/cancer class (2%) [50]. Although not
documented for our cohorts, those patients likely had a similar or even higher range of
comorbidities [51]. However, further studies are needed to evaluate a possible confound-
ing effect of the above-mentioned comorbidities on serum and urinary galectin-3 in IBD
and PSC.

In females, higher serum galectin-3 levels were observed compared to men [52], and
this was also evident in our control cohort. A sex-specific difference of serum galectin-3 level
was not detected in our patients. The study by Boer et al. including approximately 8000
subjects from the general population described a positive correlation of plasma galectin-3
with age [52], whereas this association was negative in our controls. In our patient cohort,
serum galectin-3 levels were not found to be related to age. Although higher galectin-3
levels were present in overweight/obese subjects, galectin-3 did not correlate with BMI in
IBD patients [15,52]. Age, sex, and BMI are, therefore, not regarded as confounding factors
for the analysis of galectin-3 in the serum and urine of IBD and PSC patients.

A previous study suggested that higher plasma galectin-3 levels are due to impaired
renal excretion of galectin-3 [53]. In the IBD cohort, the high serum galectin-3 of patients
with active disease was indeed related with low galectin-3 levels in urine. Otherwise, we
could not detect correlations between serum and urinary galectin-3 levels. In PSC patients,
both serum and urinary galectin-3 levels were elevated. The urinary protein/creatinine
ratio is a measure of proteinuria [42] and was normal in our patients. This shows that
impaired renal galectin-3 excretion is not the main cause of higher serum galectin-3 levels.

This study has limitations. The samples were collected at only one time point, and
the number of patients with PSCwoIBD and PSC-IBD, which are rare diseases, was small.
Additionally, comorbidities such as diabetes or cardiovascular diseases were not docu-
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mented. Urine and blood samples have been collected at any time during the day, which is
an advantage for clinical tests. The significance of our study is to suggest studies evaluating
continuous monitoring of galectin-3 for the diagnosis of PSC. A potential pathogenic role
of galectin-3 in PSC should also be evaluated.

4. Materials and Methods
4.1. Patients and Control Cohorts

From 6 December 2021 to 31 January 2023, patients diagnosed with IBD or PSC
(11 patients had underlying IBD and 11 patients did not) at the Department of Internal
Medicine I (University Hospital of Regensburg) were recruited. Diagnosis of IBD and PSC
was based on histologic, endoscopic, and clinical criteria [54–56]. In the IBD cohort, 12
patients were treated with corticosteroids, 19 with mesalazine, 17 with anti-interleukin
12/23 antibodies, 18 with anti-TNF antibodies, and 7 with azathioprine. The 22 PSC
patients in our study were treated with ursodeoxycholic acid. Patients with coagulopathy
were excluded from the study. The serum and urine of patients, as well as controls, were
collected and stored at −80 ◦C until use. For this retrospective study, the controls were
students, hospital staff, and partners of the patients who lived in the same area as the
patients with IBD.

4.2. Measurement of Galectin-3, Urinary Creatinine, and Urinary Protein

The ELISA to measure urinary galectin-3 was from AOBIOUS INC. (Cat. No.: E0497h;
Gloucester, MA, USA). Urine was used undiluted. For analysis of serum galectin-3, serum
was diluted 1:3-fold in Reagent Diluent as recommended by the provider of the ELISA
(Cat. No.: DY1154; R&D Systems, Wiesbaden-Nordenstadt, Germany). Urinary creatinine
was measured by the creatinine parameter assay kit (Cat. No.: KGE005; R&D Systems) in
1:20-fold diluted urine. Urinary galectin-3 levels relative to urinary creatinine levels were
used for calculations. Pierce™ BCA Protein Assay Kits (Cat. No.: 23225, Thermo Fisher
Scientific, Waltham, MA, USA) were used to determine urinary protein concentrations
using 1:10-diluted spot urine samples of our patients and controls.

4.3. Collection of Urine

Urine was collected during the day, aliquoted into appropriate portions, and stored at
−80 ◦C.

4.4. Statistical Analysis

Data are shown as boxplots and outliers are marked as circles and asterisks. A receiver
operating characteristic curve, Mann–Whitney U-test, Kruskal–Wallis Test, and Spear-
man correlation were the statistical tests used (SPSS Statistics 26.0 program, IBM, Leibniz
Rechenzentrum, München, Germany). A value of p < 0.05 was regarded as significant.

5. Conclusions

This study demonstrates that serum galectin-3 levels differentiate between IBD, PSC,
and PSC-IBD patients. Notably, individuals with both PSC and IBD exhibit elevated serum
galectin-3 levels compared to those with PSC alone, suggesting potential pathophysio-
logical implications. Thus, serum galectin-3 emerges as a promising novel biomarker
for PSC. PSC is difficult to diagnose, and no specific biomarker that could support the
diagnosis of PSC has been identified [10,57]. Liver function tests may be useful to start
an investigation, but there are no specific laboratory markers that help diagnose PSC [58].
Although patients with PSC may be initially assessed with ultrasound or computed to-
mography, cholangiography based on magnetic resonance cholangiography or endoscopic
retrograde cholangiopancreatography evaluation is usually required to make a defini-
tive diagnosis. Liver biopsy is only needed in suspected cases of small duct PSC when
the cholangiogram is normal, or to confirm an overlap with autoimmune hepatitis [57].
Biomarkers are non-invasive and comparatively cheap analysts without the drawbacks of
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liver biopsy. However, a group of markers related to the different aspects of a disease are
requested for clinical purposes. Galectin-3 may become one marker of a biomarker panel
for the diagnosis of PSC. Moreover, increased galectin-3 in PSC may also initiate studies to
evaluate galectin-3-blocking agents in cholestatic liver diseases.
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