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Abstract 

Background: Pepsin, a component of gastric refluxate, has been investigated as a potential salivary 
biomarker for gastro-esophageal reflux disease (GERD), although its diagnostic accuracy remains 
uncertain. This proof-of-concept study aimed to characterize the effects of pepsin on the human 
salivary peptidome using matrix-assisted laser desorption/ionization–time of flight (MALDI-ToF) 
mass spectrometry. Methods: Whole saliva samples were collected from ten healthy adult volunteers 
under fasting conditions and divided into untreated controls and aliquots digested with pepsin at 
acidic pH. MALDI-ToF MS was used to profile digestion-induced changes in peptide mass patterns. 
Spectral data were analyzed using multivariate statistical approaches, including principal component 
analysis (PCA), linear discriminant analysis (LDA), and hierarchical clustering. Results: Pepsin 
digestion increased peptide signal intensity and spectral complexity compared with controls. PCA 
demonstrated clear separation between native and digested samples along the first principal 
component. Ten peptide m/z features showed the strongest association with pepsin exposure based 
on PCA loadings. LDA and hierarchical clustering further supported this distinction, with the top 15 
discriminative m/z features showing consistent enrichment in digested samples despite inter-
individual variability. Conclusions: Pepsin exposure induces reproducible remodeling of the 
salivary peptidome detectable by MALDI-ToF MS. Although this peptide-level approach cannot 
resolve the full diversity of salivary proteoforms, the resulting signatures support the feasibility of 
identifying markers of reflux-associated enzymatic activity and provide a basis for future validation 
in clinical GERD cohorts. 

Keywords: salivary peptidome; MALDI ToF mass spectrometry; pepsin digestion; gastro-esophageal 
reflux disease; peptide biomarkers 
 

1. Introduction 

Gastroesophageal reflux disease (GERD) is one of the most commonly encountered 
gastrointestinal disorders in clinical practice, with a notable global prevalence estimated to exceed 
20% in Western countries [1]. Studies have shown that individuals with reflux disease experience a 
significant reduction in health-related quality of life compared to the general population, irrespective 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 April 2026 doi:10.20944/preprints202604.0608.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0608.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 15 

 

of the severity of endoscopic findings [2]. It poses a significant burden on healthcare systems 
worldwide, requiring substantial resources in order to manage and treat effectively [3]. Currently, 
ascertaining a GERD diagnosis often relies on performing a series of invasive and expensive 
procedures, such as upper gastrointestinal endoscopy or ambulatory pH-impedance monitoring [4]. 
However, these methods are hindered by relatively high costs, limited accessibility in some settings, 
and the requirement for specialized expertise to accurately interpret the findings [5]. In this context, 
there is a growing need for reliable non-invasive diagnostic biomarkers that could aid in the diagnosis 
of this condition.  

Saliva, a readily accessible biofluid, has been proposed as a potential source of biomarkers for 
GERD. To that end, many studies investigated the use of salivary pepsin as a diagnostic test, a 
digestive enzyme secreted by gastric chief cells and key factor in tissue injury [6]. However, currently 
there is a lack of consensus regarding optimal collection methods, processing techniques, and timing 
for measuring salivary pepsin, with varying reports regarding its diagnostic accuracy [7]. While the 
presence of salivary pepsin has been investigated as a diagnostic biomarker in itself, less focus has 
been placed on its biological effects on the salivary proteome [8]. Given pepsin’s potent proteolytic 
activity under acidic conditions, reflux events may be associated with a characteristic salivary peptide 
pattern that persists beyond the transient presence of the enzyme itself.  

The rapid advances in proteomic technologies provide an opportunity to examine these effects 
in more detail, broadening the avenues of non-invasive diagnostics [8,9]. Matrix-Assisted Laser 
Desorption/Ionization-Time of Flight (MALDI-ToF) mass spectrometry is a robust analytical 
technique widely used for rapid and precise profiling of peptide and protein mass patterns. Owing 
to its sensitivity and reproducibility, it represents an appropriate approach for characterizing the 
salivary peptidome and for exploring potential biomarkers relevant to GERD. 

In this proof-of-concept study, we investigated the effects of pepsin exposure under acidic 
conditions on the human salivary peptidome using MALDI-ToF mass spectrometry. Rather than 
focusing on the detection of salivary pepsin itself, our approach aimed to characterize the proteolytic 
peptide signatures generated by pepsin activity. Identifying reproducible peptide patterns may 
provide insights into reflux-related enzymatic effects and advance the discovery of potential non-
invasive diagnostic tools for GERD. To complement the experimental digestion, an in-silico 
simulation of pepsin-mediated cleavage was carried out using MS Digest, a freely available online 
tool of ProteinProspector program[10], providing a theoretical peptide map to support interpretation 
of the MALDI-ToF results. 

2. Materials and Methods 

The study protocol received ethical approval from the Grigore T. Popa University of Medicine 
and Pharmacy Iași Institutional Review Board (232/13.10.2022). An overview of the study design is 
presented in Figure 1. Saliva samples were collected and divided into two preparation groups. In the 
control group, samples were acidified only. In the experimental group, acidified saliva was incubated 
with pepsin to generate digested peptide products. In silico pepsin digestion was performed to 
support peptide identification. All samples were analyzed using MALDI-ToF mass spectrometry. 
Spectral data were interpreted and subjected to comparative analysis and pattern identification to 
evaluate differences between control and pepsin-digested samples. (Figure created with 
BioRender.com). 
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Figure 1. Detailed workflow for salivary peptidomics analysis using MALDI-ToF mass spectrometry in silico 
digestion and statistical interpretation of mass spectra. 

2.1. Saliva Sample Collection 

Whole saliva samples were collected from healthy volunteers (n=10) aged 20 to 30 years. Sample 
collection was performed in the morning following an overnight fast, in the first two hours after 
waking. To minimize potential contamination, participants were instructed to brush their teeth 30 
minutes prior to collection, without consuming any food, beverages, or smoking afterwards. 
Approximately 2-3 mL of unstimulated saliva was collected in sterile tubes. 

2.2. Control Samples 

Control samples consisted of acidified whole saliva without the addition of pepsin, processed in 
parallel with the experimental samples under identical conditions, including incubation, 
centrifugation, desalination, and mass spectrometry analysis. This allowed for comparison to identify 
pepsin-specific proteolytic effects. These samples were labeled C1 through C10 to ensure consistent 
tracking throughout the workflow. For the subsequent digestion experiments, the saliva aliquots 
exposed to pepsin were labeled D1 through D10, following the same numbering scheme as their 
corresponding control samples. 

2.3. Pepsin Treatment and Acidification 

Pepsin solution (Sigma-Aldrich) was combined with saliva samples in a 1:20 ratio (pepsin to 
saliva). The total protein concentration in unstimulated whole saliva ranged from 2.9 to 3.1 µg/µL, 
consistent with values previously reported in the literature [11]. Protein concentration was 
determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific) based on UV–Vis 
absorbance measurements. The instrument quantified protein levels by measuring absorbance at 280 
nm, where aromatic amino acids exhibit characteristic absorption. A sample volume of 1–2 µL was 
used, and the NanoDrop’s short-path optical system allowed direct measurement without cuvettes. 
Background correction was automatically applied using a reference wavelength (typically 260 nm) to 
ensure accurate readings for complex biological matrices such as saliva. Acidification of the samples 
was performed to achieve a pH range of 1-2, ensuring optimal proteolytic activity of pepsin. pH was 
measured using pH indicator paper, and adjustments were made using hydrochloric acid (0.1 N). 
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2.4. Digestion Process and Supernatant Collection 

The saliva-pepsin mixtures were incubated at 37°C for 30 minutes at 450 rotations per minute 
(rpm) using a shaking incubator. This process was used to maximize pepsin enzymatic activity. All 
saliva digestion reactions were performed in technical duplicate to ensure reproducibility of the 
pepsin-mediated proteolysis workflow. Following digestion, samples were centrifuged at 12,000 rpm 
for 10 minutes and supernatant was collected. 

2.5. Sample Desalination, Concentration, and Purification 

Supernatant samples were desalted, concentrated, and purified using ZipTip C18 pipette tips 
(Millipore), following the manufacturerʹs protocol[12]. First, the C18 tips were activated by wetting 
with acetonitrile (100 % ACN). Next, the tips were equilibrated with an aqueous solution containing 
trifluoroacetic acid (0.1% TFA). The samples were then repeatedly aspirated through the tips, 
allowing peptides and small proteins to bind to the C18 resin while salts and other impurities were 
left unbound. After binding, the tips were washed with an acidic solution (0.1% TFA) to remove 
residual salts and contaminants. Finally, the purified analytes were eluted (50 % ACN in 0.1% TFA), 
producing a desalted, concentrated solution of analytes ready for analysis by mass spectrometry. The 
same procedure of purification was applied to the control saliva samples. 

2.6. MALDI-ToF Mass Spectrometry 

MALDI-ToF MS was performed on a Bruker Ultraflex MALDI ToF/ToF mass spectrometer 
equipped with a pulsed nitrogen UV laser. The instrument was operated in positive ion mode, and 
spectra were acquired in reflectron mode. Prior to spotting, peptide samples were mixed with 
super-DHB (sDHB), a matrix consisting of a 1:1 mixture of 2,5-dihydroxybenzoic acid and 
2-hydroxy-5-methoxybenzoic acid, commonly used to enhance peptide ionization and improve 
signal homogeneity in MALDI analyses. Samples were applied onto a 384-spot stainless-steel target 
plate using the dried-droplet method by depositing 0.8 µL of matrix solution and 1.0 µL of sample 
solution, mixed directly on the target and allowed to dry at room temperature. The laser attenuation 
was set to 80%, and spectra were acquired using the following parameters: 20 kV acceleration voltage, 
40% grid voltage, 140 ns delay, low-mass gate of 500 Da, and an acquisition mass range of 450–5000 
Da. For each final spectrum, 500 laser shots were accumulated. External calibration was performed 
using the monoisotopic [M+H]+ ions of the following peptide standards: Bradykinin (1–7) (m/z 757.4), 
Angiotensin II (m/z 1046.5), Angiotensin I (m/z 1296.7), Substance P (m/z 1347.7), Bombesin (m/z 
1619.8), Renin Substrate (m/z 1758.9), ACTH (1–17) (m/z 2093.1), ACTH (18–39) (m/z 2465.2), and 
Somatostatin (m/z 3147.5). Theoretical monoisotopic masses were calculated using the ChemCalc 
online tool. Spectra were processed using Bruker FlexAnalysis 3.4 software. The MALDI ToF mass 
spectrometry data have been deposited to the ProteomeXchange Consortium via the PRIDE partner 
repository [13] with the dataset identifier PXD076267. 

2.7. Statistical Analysis and Data Processing 

Data processing and statistical analyses were performed using Python (version 3.9.x). Raw 
MALDI-ToF mass spectra were exported as CSV files and processed using a custom computational 
pipeline. Unsupervised Principal Component Analysis (PCA) was conducted to visualize the global 
variance and identify inherent clusters between the native and digested peptide profiles. To 
specifically identify the peptide features that best discriminate between the two conditions, a 
supervised Linear Discriminant Analysis (LDA) was employed. The predictive performance of the 
LDA model was validated using Leave-One-Out (LOO) cross-validation. The following Python 
libraries were utilized: (1) Pandas (v1.3.5) and NumPy (v1.21.6) for data manipulation and numerical 
operations; (2) Scikit-learn (v1.0.2) for PCA, LDA, and cross-validation procedures; (3) SciPy (v1.7.3) 
for t-test calculations; (4) Matplotlib (v3.5.2) and Seaborn (v0.11.2) for the generation of high-
resolution mirror plots, PCA score plots, and heatmaps. 
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3. Results 

To evaluate the proteolytic effects of pepsin on the human salivary proteome, whole saliva 
samples from ten healthy individuals were subjected to pepsin digestion under acidic conditions and 
analyzed using MALDI-ToF mass spectrometry. For each participant, one control sample and one 
digested aliquot were compared. Analysis of the acidified saliva samples provided a stable proteomic 
baseline. Following exposure to pepsin, distinct pepsin-induced proteomic changes were observed 
in the salivary samples. To assess the reproducibility of the digestion workflow, all pepsin-treated 
saliva samples were processed in technical duplicate. The duplicate digestions consistently produced 
comparable peptide profiles and signal intensities, confirming the robustness of the proteolytic 
procedure. Representative mass spectra from three duplicate digestion experiments are provided in 
the Supplementary Material Figure S1 to illustrate the reproducibility of the analytical workflow. 

From the ten saliva samples analyzed, we identified three distinct salivary peptide profiles. Each 
profile combines a set of shared peptide signals with additional, profile-specific features that differ 
in intensity, even though the MALDI-ToF analytical conditions were kept constant. These 
reproducible patterns, observed across individuals, indicate inherent variability in the salivary 
peptide composition (see Supplementary Figure S2). Such variability is expected, as the salivary 
peptidome is influenced by physiological factors including individual protease activity, oral 
microbiota, hydration status, and subtle differences in sample handling. Consequently, the presence 
of distinct peptide profiles among healthy participants is consistent with previously reported 
inter-individual diversity in the human salivary proteome[14]. Within these three categories, sample 
C1 displayed a peptide profile highly similar to that of sample C6, while the profile of sample C2 
closely resembled that of sample C9. In contrast, samples C3–C5, C7, C8, and C10 formed a larger 
group characterized by markedly similar peptide patterns. This clustering further supports the 
presence of inherent inter-individual variability in salivary peptide composition under identical 
MALDI-ToF analytical conditions. 

To exemplify the three peptide profile types identified among the ten saliva samples, we present 
representative MALDI-ToF spectra corresponding to each category. Figure 2 illustrates the first 
profile type, using sample C1 as a representative example. Panel A shows the peptide mass 
fingerprint of the untreated saliva sample (C1), characterized by a series of well-defined signals 
spanning the 450–5000 m/z range, reflecting the endogenous salivary peptide distribution under 
acidic conditions. Panel B displays the corresponding spectrum of the same sample following pepsin 
digestion (D1), where shifts in peak intensities and the appearance of additional 
lower-molecular-weight ions indicate pepsin-mediated proteolysis. Figure 3 illustrates the second 
peptide profile type identified among the ten saliva samples, using sample C2 as a representative 
example. Panel A shows the MALDI-ToF spectrum of the untreated saliva sample C2, characterized 
by a distinct distribution of endogenous peptide signals that differentiates this profile from the one 
shown in Figure 2. Panel B presents the corresponding spectrum of the same sample following pepsin 
digestion (D2). As observed for the first profile type, pepsin exposure results in the appearance of 
additional low-molecular-weight ions and modifications in peak intensities; however, the 
fragmentation pattern and relative signal distribution are characteristic of this second profile 
category. 
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Figure 2. Mass spectrometric peptide mass fingerprints illustrating one of the three salivary peptide profile types 
identified among the ten saliva samples. (A) MALDI-ToF spectrum of the untreated saliva sample C1 and (B) 
Corresponding MALDI-ToF spectrum of the same sample following pepsin digestion (D1). 

 
Figure 3. Mass spectrometric peptide mass fingerprints illustrating a second salivary peptide profile type 
identified among the ten saliva samples. (A) MALDI-ToF spectrum of the untreated saliva sample C2, and (B) 
Corresponding MALDI-ToF spectrum of the same sample after pepsin digestion (D2). 
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Figure 4 illustrates the third peptide profile type identified among the ten saliva samples, using 
sample C7 as a representative example. Panel A shows the MALDI-ToF spectrum of the untreated 
saliva sample C7, characterized by a peptide distribution that is distinct from the patterns observed 
in Figure 2 and Figure 3. This profile type is defined by a specific arrangement of endogenous peptide 
signals and relative peak intensities that consistently grouped samples C3–C5, C7, C8, and C10 within 
the same category. Panel B presents the corresponding spectrum of the same sample following pepsin 
digestion (D7). As with the other profile types, pepsin exposure results in the appearance of 
additional low-molecular-weight ions and notable shifts in peak intensities. However, the 
fragmentation pattern observed for C7/D7 is characteristic of this third profile category and differs 
from the proteolytic signatures shown in Figure 2 and Figure 3. 

 
Figure 4. Representative MALDI-ToF peptide mass fingerprints illustrating the third salivary peptide profile 
type identified among the ten saliva samples. (A) MALDI-ToF spectrum of the untreated saliva sample C7, and 
(B) Corresponding MALDI-ToF spectrum of the same sample following pepsin digestion (D7). 

For the in silico component of the study, a dedicated salivary protein database was first 
constructed from the UniProt Knowledgebase (UniProtKB). A keyword search using the term 
“salivary” was performed and restricted to the organism Homo sapiens (Human). This query yielded 
638 protein entries, which were exported and compiled into a custom FASTA database for subsequent 
computational analysis. 

In silico proteolysis was carried out using the MS-Digest online tool available through the 
ProteinProspector suite (https://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msdigest). 
Pepsin (porcine gastric) was selected as the proteolytic enzyme to replicate the experimental digestion 
conditions. Default digestion parameters were applied, including fully specific enzymatic cleavage 
according to pepsin specificity rules and allowance for up to two missed cleavages. No fixed or 
variable post-translational modifications were introduced, so the generated peptide list reflected 
cleavage based solely on primary amino acid sequence. 

Application of these parameters to the 638 salivary protein entries resulted in 25009 theoretical 
peptide fragments. Because MALDI-MS analysis primarily provides peptide mass information 
without complete sequence coverage for all detected ions, the in silico digestion served to generate a 
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list of putative peptide sequences corresponding to experimentally observed m/z values (assuming a 
+1 ion charge). Therefore, fragment assignment was based on mass matching and represents 
predicted candidate sequences rather than unequivocal sequence confirmation in all cases (see Table 
S1 in supplementary material). This approach enabled a systematic comparison between 
experimentally detected pepsin-derived fragments and theoretically expected cleavage products 
within the human salivary proteome. 

To further explore the variability observed across the salivary peptide profiles and to quantify 
the proteolytic effects of pepsin, all MALDI-ToF spectra from the control and digested samples were 
subjected to comprehensive statistical analysis. After peak alignment and intensity normalization, 
the dataset was evaluated using multiple multivariate approaches, including Principal Component 
Analysis (PCA), Linear Discriminant Analysis (LDA), and hierarchical clustering with heatmap 
visualization. These complementary methods enabled the identification of sample groupings, the 
discrimination between control and pepsin-digested spectra, and the detection of m/z features 
contributing most strongly to sample separation.  

The PCA plot illustrates the impact of pepsin digestion on the salivary peptide composition 
Figure 5 [15]. The first principal component (PC1) captures the dominant source of variation in the 
dataset and clearly separates the digested samples (orange circles) from the native saliva samples 
(blue circles). This distinct clustering demonstrates that pepsin digestion consistently produces a 
characteristic peptide pattern that is markedly different from the natural inter-individual variability 
observed in untreated saliva. The separation along PC1 is driven by a specific subset of peptide ions 
whose intensities increase substantially following pepsin exposure. These ions correspond to the 
loadings of the first principal component and represent the features most strongly contributing to the 
discrimination between the two sample groups. 

 
Figure 5. PCA score plot illustrating the separation between control and pepsin-digested saliva samples 
(variance explained: 31.7%). 

In addition, hierarchical clustering of the most discriminative m/z features revealed a distinct 
grouping of ions that were consistently enriched in the pepsin-digested samples (Table 1). Based on 
the PCA loadings, the m/z features contributing most strongly to PC1 were ranked in descending 
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order according to their loading values. The ions with the highest positive influence on PC1 were m/z 
530.34, 743.49, 940.50, 1088.82, and 1750.99, followed by m/z 1432.76, 908.46, 2289.27, 1537.94, and 
2406.36. Importantly, all top contributors exhibited positive loading values, indicating that their 
intensities increase systematically in the digested samples and drive the rightward shift of these 
samples along the PC1 axis. Notably, the peptide masses listed in Table 1 are also found among the 
theoretical peptides generated in the in silico digestion, further supporting their biological relevance. 
These reproducible features may represent candidate biomarkers of pepsin-mediated proteolysis, 
pending confirmation through targeted MS/MS identification and validation in independent sample 
sets.  

Table 1. Top m/z ions ranked by their PC1 loading values, highlighting the peptide features most strongly 
associated with pepsin-induced spectral changes. 

m/z (Ref) PC1 Loading Value 

530.34 +0.1076 

743.49 +0.1075 

940.5 +0.1074 

1088.82 +0.1072 

1750.99 +0.1070 

1432.76 +0.1062 

908.46 +0.1043 

2289.27 +0.1036 

1537.94 +0.0998 

2406.36 +0.0992 
 
Building on the PCA findings and the discriminative m/z features summarized in Table 1, the 

Linear Discriminant Analysis (LDA) provides a supervised dimensionality-reduction approach 
designed to identify the peptide signals that best separate the two predefined groups[16]. Unlike 
PCA, which captures the directions of maximum variance without using class information, LDA 
explicitly incorporates the sample labels and learns the optimal combination of m/z features that 
distinguishes the Control from the Digested spectra [17]. The resulting discriminant axis (LD1) 
positions most native saliva samples on the left and the pepsin-digested samples on the right, 
reflecting the consistent biochemical shift induced by proteolysis. The central red line represents the 
decision boundary used for classification. Two samples (C1 and D3) appear near this threshold, 
indicating intermediate peptide profiles that partially overlap with the opposite group, a finding 
consistent with the natural inter-individual variability of the salivary peptidome and with the 
PCA-derived loadings. Model performance was evaluated through Leave-One-Out cross-validation 
(LOO)[18], yielding an accuracy of 60%, further supporting the conclusion that pepsin digestion 
introduces systematic and detectable changes in the salivary peptide patterns. 

To further extend the multivariate analysis and to visualize sample-level differences across the 
most relevant peptide markers, a heatmap with hierarchical clustering was generated using the top 
15 m/z features that most strongly distinguished the Control and Digested groups Figure 7. These 
peptides ions correspond to the statistically significant markers identified in the PCA loadings and 
summarized in Table 1, and their intensity patterns provide a high-density overview of the 
proteolytic changes induced by pepsin digestion. 
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Figure 6. Linear Discriminant Analysis (LDA) of control and pepsin-digested saliva samples, showing group 
separation along the LD1 axis and the decision boundary used for classification (LOO accuracy: 60%). 

 
Figure 7. Heatmap with hierarchical clustering of the top 15 discriminative m/z features, illustrating distinct 
intensity patterns between control and pepsin-digested saliva samples and highlighting sample-level variability 
across the dataset. 

The heatmap reveals two clearly separated clusters, with control samples displaying consistently 
lower intensities for these m/z values, while digested samples exhibit marked increases, in agreement 
with the PCA and LDA results. Notably, Sample 3 shows an atypical pattern: although internally 
variable, it lacks several of the discriminative m/z features present in the other samples. This explains 
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its divergent position in the clustering and reflects natural inter-individual variability rather than a 
computational artifact. Overall, the heatmap reinforces the biological relevance of the peptide 
markers enriched in the digested samples and supports their potential as candidate indicators of 
pepsin-mediated proteolysis, pending MS/MS validation. 

4. Discussion 

GERD is one of the most prevalent gastroenterological disorders encountered in clinical practice, 
and there is a pressing need for non-invasive diagnostic tools to improve diagnostic accuracy. Saliva 
has emerged as an attractive and easily accessible diagnostic medium, capable of reflecting both 
systemic and local pathological processes [19,20]. Salivary pepsin has been investigated as a potential 
biomarker for GERD; however, reported sensitivity and specificity vary widely across studies, likely 
due to substantial methodological heterogeneity [21,22]. These limitations suggest that measuring 
pepsin concentration alone may not fully capture the complexity of reflux-related pathophysiology. 

Pepsin is not merely a passive marker of reflux but an active proteolytic enzyme that remains 
biologically functional under acidic conditions and has been implicated in mucosal injury and 
inflammation in reflux disease [23,24]. Salivary proteins are more susceptible to proteolytic 
degradation than serum proteins [25,26], making the salivary peptidome particularly responsive to 
pepsin-mediated cleavage. Disease- or exposure-related alterations can reshape the proteome by 
generating distinct peptide patterns that reflect functional proteome states, rendering peptide-level 
analysis especially informative in dynamic biofluids such as saliva [27]. 

Recent advancements in proteomic technologies have expanded the potential of saliva as a 
diagnostic medium for a wide range of conditions, including head-and-neck and oral cancer, 
diabetes, gastric cancer, Sjögren’s syndrome, primary sclerosing cholangitis, and COVID-19 infection 
[8,28–30]. As a proof-of-concept, this study employed MALDI-ToF mass spectrometry to characterize 
pepsin-induced alterations in the salivary peptidome of healthy volunteers, with the aim of 
identifying digestion-associated peptide patterns that may serve as indicators of reflux-related 
enzymatic activity. MALDI-ToF enables rapid and accurate analysis of complex biological samples 
by determining the mass-to-charge (m/z) ratios of ionized peptides based on their time-of-flight, 
making it a promising tool for medical diagnostics and biomarker discovery [31,32]. 

Previous studies have shown that individuals with GERD exhibit lower oral pH values, which 
may influence the oral environment [33–35]. Proteomic analyses of the acquired enamel pellicle in 
GERD patients have revealed profound alterations compared to controls, both in individuals with 
and without erosive tooth wear [36,37]. Moreover, clinical studies of saliva in GERD have 
demonstrated reflux-associated remodeling of the salivary proteome, particularly affecting proteins 
involved in acid resistance and oral tissue protection [38]. These findings collectively support the 
rationale for exploring pepsin-induced peptide signatures as potential biomarkers of reflux activity. 

Our results demonstrate that pepsin induces marked and reproducible alterations in the salivary 
peptidome, reflected by both quantitative and qualitative changes across multiple analytical levels. 
MALDI-ToF profiling revealed a significant increase in the number of detectable peptide signals 
following enzymatic digestion, together with the appearance of novel m/z peaks absent in untreated 
saliva. These findings were further supported by multivariate statistical analyses. PCA showed a 
clear separation between native and digested samples along PC1, driven by a subset of peptide ions 
with strongly positive loading values, indicating systematic increases in their intensities after pepsin 
exposure. The most influential of these features are summarized in Table 1 and overlap with peptides 
predicted through in silico digestion, reinforcing their biological plausibility. 

LDA provided complementary evidence by identifying the optimal combination of 
discriminative m/z features that maximized group separation. Despite natural inter-individual 
variability, most samples were correctly classified, and the model achieved a 60% LOO accuracy. 
Samples positioned near the decision boundary (e.g., C1 and D3) displayed intermediate peptide 
profiles, consistent with the variability observed in the PCA and heatmap analyses. The hierarchical 
clustering heatmap of the top 15 discriminative m/z features further confirmed the presence of two 
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distinct sample clusters, with digestion-specific peptides showing consistently elevated intensities in 
the digested group. One sample (Sample 3) exhibited an atypical pattern due to the absence of several 
discriminative m/z values, reflecting internal variability rather than analytical error. 

Together, these converging lines of evidence highlight robust pepsin-induced remodeling of the 
salivary peptidome. The reproducible detection of digestion-specific peptides across multiple 
individuals, combined with their statistical relevance and alignment with in silico predictions, 
supports their potential as candidate biomarkers of reflux-associated pepsin activity. As a 
proof-of-concept, this study demonstrates the feasibility of using salivary peptidomics to detect 
enzymatic signatures associated with gastric reflux. 

To advance this line of research, we will perform high-resolution ESI-MS/MS analysis of the 
salivary samples to determine the precise amino-acid sequences and protein origins of the candidate 
biomarker peptides. This step is essential for confirming their biological relevance and for 
establishing mechanistic links between pepsin activity and specific proteolytic cleavage events. In 
parallel, we will expand the study to include clinical cohorts, particularly patients with confirmed 
GERD, as well as individuals with oral or upper gastrointestinal cancers and patients undergoing 
chemotherapy, in whom reflux is a frequent adverse effect. Such cohorts will allow us to evaluate 
whether the digestion-associated peptide signatures identified here are detectable in real-world 
pathological conditions and whether they correlate with disease severity, symptom burden, or 
treatment-related reflux. 

By integrating controlled experimental data with clinical validation, future studies will 
determine the diagnostic robustness, specificity, and translational potential of these salivary peptide 
markers. Ultimately, this research may contribute to the development of rapid, non-invasive, 
saliva-based diagnostic tools capable of complementing or reducing reliance on invasive procedures 
such as pH-monitoring or endoscopy. 

5. Conclusions 

This proof-of-concept study demonstrates that pepsin exposure under acidic conditions induces 
significant and reproducible alterations in the salivary peptidome, generating distinct peptide 
signatures that differentiate digested from native saliva. These findings provide foundational 
evidence supporting the feasibility of saliva-based, non-invasive diagnostics for reflux-associated 
enzymatic activity. However, several limitations of this proof-of-concept study should be considered. 
In particular, the human salivary proteome exhibits substantial proteome complexity, consisting of 
multiple proteoforms generated through proteolytic processing, post-translational modifications, 
and sequence variation. While MALDI-ToF peptide profiling enables rapid detection of digestion-
associated peptide patterns, this approach does not resolve intact protein species and therefore 
cannot fully capture the diversity of proteoforms present in saliva. Consequently, the peptide signals 
reported here represent inferred fragments of the salivary proteome, and their identities remain 
putative until confirmed by tandem MS analysis. In addition, the relatively small sample size and the 
use of experimentally digested saliva from healthy volunteers limit the generalizability of the 
findings. Future studies will focus on structural identification of the candidate peptides through 
ESI-MS/MS and on validating these biomarkers in clinical cohorts, including patients with GERD and 
individuals with reflux-related symptoms secondary to oncologic therapies. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: Representative MALDI-ToF mass spectra obtained from three saliva 
samples digested in technical duplicate. (A) and (B) correspond to digested C3; (C) and (D) correspond to 
digested C4 and (E) and (F) correspond to digested C7; Figure S2: MALDI-ToF mass spectra of control saliva 
samples collected from the 10 individuals included in the study and Table S1: Comparison of MALDI-TOF MS–
detected peptides with in silico pepsin digestion predictions. Peptides below 800 Da were not generated in silico 
and are marked as “Not generated in silico”. 
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