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As the burden of type 2 diabetes (T2D) continues to escalate globally, there is a growing need for novel, less-
invasive biomarkers capable of early diabetes detection and monitoring of disease progression. Liquid biopsy,
recognized for its minimally invasive nature, is increasingly being applied beyond oncology, and nevertheless
shows its potential when the collection of the tissue biopsy is not possible. This diagnostic approach involves
utilizing liquid biopsy markers such as cell-free nucleic acids, extracellular vesicles, and diverse metabolites for the
molecular diagnosis of T2D and its related complications.
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| 1. Introduction

The rapid increase in prevalence of type 2 diabetes mellitus (T2D) qualifies it as one of the fastest-growing global
health emergencies of the 21st century [LI. T2D is a chronic condition necessitating continuous management and
attention to avert its extensive health consequences, including myocardial infarction, cardiac failure, blindness,

kidney failure, stroke, and amputation.

T2D is a multifactorial disease resulting from a combination of factors, including inadequate beta-pancreatic cell (3-
cell) function, reduced insulin sensitivity, and chronic inflammation that precede the diabetes onset with up to 15
years. Currently, the diagnosis of T2D is made typically once hyperglycemia has become evident, a limitation that
impedes early disease detection and precludes the possibility of timely interventions aimed at preserving (-cell
mass and improving patient outcomes. Liquid biopsy can be a promising solution to this challenge, being useful in
the diagnostic, management, and prognostic of the disease and providing a deeper understanding of the disease’s
pathophysiology.

Early detection and intervention are crucial for preventing the progression of T2D and reducing the risk of
complications such as nephropathy, cardiovascular disease, neuropathy, or retinopathy. Even though biomarkers
such as glycemia or HbAlc are widely used for diagnosing T2D, presently, there is no biomarker that is able to
predict the ongoing destruction of beta cells in the pancreas in the early stages of the disease as opposed to T1D,
where specific autoantibodies against pancreatic islet cells or insulin are often present before the onset of

symptoms and individuals at increased risk or in the early stages of T1D can be timely identified.

On the other hand, liquid biopsy shows its potential in the prognosis, diagnosis, and monitoring of cancer 314!,

The use of a small amount of “body fluids” (usually blood), containing biomarkers that can provide relevant
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information for diagnostic and monitoring, present some relevant advantages such as reduced invasiveness, easy

protocol for sample collection, lower costs, and real-time information /817,

| 2. Liquid Biopsy Markers in T2D

Biomarkers that allow for early diagnosis and effective monitoring have the potential to lead to better patient-centric
therapeutic decisions. In T2D, identifying the precise timing of critical events such as (-cell stress, de-
differentiation, or death is essential for developing effective treatments [8l. However, the inaccessibility of pancreatic
tissue in humans for longitudinal, minimally invasive monitoring represents a significant obstacle. To address this
shortcoming, liquid biopsy could be employed for the detection of [-cell markers. Liquid biopsies encompass a
diverse range of clinically informative elements. Blood samples can undergo analysis for metabolites, exosomes,
and cell-free nucleic acids, each offering valuable numerical and molecular insights. Employment of liquid biopsy in
T2D patients can provide valuable insight regarding T2D complications, cardiovascular disease (CVD), and cancer

risk. An overview of the key elements and the impact of the liquid biopsy markers in T2D is presented in Figure 1.
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Figure 1. Liquid biopsy markers in T2D. Liquid biopsies encompass a diverse range of clinically informative
elements. Blood samples can undergo analysis for metabolites, exosomes, and cell-free nucleic acids, each
offering valuable numerical and molecular insights. Employment of liquid biopsy in T2D patients can provide
valuable insight regarding T2D complications, cardiovascular disease (CVD), and cancer risk. Figure created using

biorender.com.

2.1. Cell-Free Nucleic Acids
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2.1.1. Circulating Cell-Free DNA (ccfDNA)

Circulating cell-free DNA (ccfDNA), also known as cell-free DNA (cfDNA), refers to short (=160 nt) double-stranded
DNA fragments found in various biological fluids, including blood, urine, saliva, and cerebrospinal fluid. Generally,

ccfDNA is actively released by living cells or can result after cell death (apoptosis, necrosis) <.

Several methods have been utilized to assess cfDNA, including droplet digital polymerase chain reaction (ddPCR),
beads, emulsion, amplification, and magnetics (BEAMing), tagged-amplicon deep sequencing (TAm-Seq), whole-
genome bisulfite sequencing (WGBS-Seq), whole-exome sequencing (WES), and whole-genome sequencing
(WGS).

BEAMing proves to be a cost-effective and highly sensitive screening method for identifying established mutations.
The method of integrating PCR with flow cytometry has the capability to identify alterations at levels as minimal as

0.01%, demonstrating excellent concordance with tissue testing (19,

Droplet digital polymerase chain reaction (ddPCR) is capable of detecting genomic material at levels as low as
0.01-1.0%, making it a valuable tool for identifying potentially rare mutations and quantifying copy number variants

(11 Nevertheless, its applicability is limited to assessing the presence of well-characterized sequences.

In patients with cancer, whole-exome sequencing offers a comprehensive analysis of all existing tumor mutations,
allowing for the identification of potential oncogenes and tumor suppressor genes. However, its sensitivity may be
comparatively lower than other methods due to the inclusion of exomic alterations. Despite this, it stands out for its

cost-effectiveness and high yield 121,

Tagged-amplicon deep sequencing (TAm-Seq) enables a highly specific and sensitive analysis, achieving an
accuracy of approximately 97%. It has the capability to detect DNA levels as low as 2% through the utilization of
primers to tag and identify genomic sequences. TAmM-Seq boasts a high sequencing throughput, leading to reduced
sequencing time and cost, allowing for the simultaneous sequencing of millions of DNA molecules. However, it is
essential for the desired sequence to be pre-characterized for the methodology to be effective 23],

Whole-genome sequencing (WGS) examines the entirety of the sample genome to identify well-characterized and
detrimental alterations, along with variants of unknown significance. It holds significant potential for a thorough
assessment of genetic mutations and, in case of T2D, could be used to identify cancer risk; however, its application
is constrained by challenges in quality assurance, ethical considerations, time, and cost. The interpretation of
results can be challenging outside of specialized centers 12,

Whole-genome bisulfite sequencing (WGBS-Seq) stands as the benchmark in DNA methylation analysis. It
provides a measurement for each cytosine with exceptional accuracy. While it has the capability to uncover
partially methylated domains in cancer cells, the sensitivity of this method can be compromised due to potential
variations in DNA degradation (121,
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Cell-free DNA (cfDNA)-based biomarkers have shown promise as minimally invasive options for the early diagnosis

and monitoring of diabetes in various studies [24I15],

CcfDNA fragments retain characteristics indicative of their tissue of origin. Determining the ccfDNA tissue of origin
can be performed using different approaches: the detection of distinct SNPs and/or genetic mutations, genome-

wide methylation or 5hmC profiling, and fragmentation profiling by nucleosome footprints 181,

Adipose tissue dysfunction, characterized by hypertrophy, inflammation, and cell death, is closely associated with
the development of insulin resistance—a key feature of T2D. Hence, the detection of cfDNA fragments associated

with adipose tissue degeneration can provide insights into the mechanisms underlying insulin resistance 17,

Combining cfDNA concentration with tissue-specific epigenetic signatures may offer a comprehensive approach to
assessing metabolic risk and disease progression. For instance, Lehmann-Werman et al. used methylation
profiling to identify circulating DNA linked to different pathological processes: pancreatic -cell DNA from patients

with type 1 diabetes and exocrine pancreatic DNA from patients with pancreatic cancer 18],

Karaglani et al. evaluated the methylation profile of a panel of specific genes related to (-cells, including INS
(insulin), GCK (glucokinase), IAPP (islet amyloid polypeptide-amylin), KCNJ11 (potassium inwardly rectifying
channel subfamily J member 11), and ABCC8 (ATP binding cassette subfamily C member 8) and, based on the
data generated, they built classifying predictive models using automated machine learning. INS, IAPP, GCK, and
KCNJ11 levels differed significantly between T2D patients and healthy controls. Based on ccfDNA parameters,
methylation data and demographical information, automated machine learning analysis generated biosignatures,
including GCK, IAPP, and KCNJ11 methylation, with a very high discriminating performance of T2D from healthy
individuals (12,

While human leukocyte antigen (HLA) typing is primarily used for assessing the risk of developing type 1 diabetes,
there is ongoing research exploring potential associations between specific HLA alleles and the risk of diabetes-
related complications. These complications may include diabetic nephropathy, retinopathy, and neuropathy. HLA
typing, combined with other genetic and clinical information, may contribute to individualized risk assessments for
diabetes complications. Identifying individuals at higher risk may allow for targeted monitoring and early
interventions to prevent or manage complications. Ongoing research is exploring the complex interplay between
genetics, including HLA alleles, and the development of diabetes and its complications. Advances in genomic
medicine and personalized medicine may lead to more refined risk assessments and tailored therapeutic
approaches. The influence of variations in the HLA genotype on the development of type 2 diabetes complications
is not clearly understood. Recently, Birinci et al. (2022) identified the HLA variant HLA-DR7 to be associated with
diabetic rethynopathy development 29, The presence of the HLA-DQB1*0501 allele demonstrated a protective

association against diabetic nephropathy (DN) in individuals of Han ethnicity in China [21],

Cell-free mitochondrial DNA (ccf-mtDNA) is produced and discharged from cells into the systemic circulation in

response to cellular damage or stress. This release may occur passively through various forms of cell death or
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actively from living cells through processes that are not fully comprehended at present 22, Increased blood ccf-

mtDNA levels have been associated with T2D associated with coronary heart disease or cognitive impairment 23
[24],

2.1.2. Circulating Cell-Free RNA (ccfRNA)

Human blood is home to a wide range of cfRNA species, including microRNA (miRNA), messenger RNA (MRNA),
long-noncoding RNA(INcRNA), Piwi-interactingRNA (piRNA), circular RNA (circRNA), transfer RNA (tRNA), and

miscellaneous other noncoding RNA molecules [23],

Advances in high-throughput sequencing and bioinformatics have improved the ability to profile and analyze
cfRNA. Emerging single-cell RNA sequencing (scRNA-seq) technologies enabled the study of cfRNA heterogeneity
at the single-cell level (28],

2.1.3. miRNAs

Circulating miRNAs, small 17- to 23-bp-long noncoding RNAs have been proposed as potential biomarkers for T2D
2]

In streptozotocin-treated mice, miRNA-375, which is highly abundant in pancreatic islet cells, was reported to be an
early indicator of T1D [28],

MiRNA-375, miRNA-101, and miRNA-802, which have roles in pancreatic islet function and insulin secretion, have

been identified as being significantly increased in T2D patients 2.

Elevated levels of miR-122 were shown to be strongly associated with an increased risk of developing T2D (9,

MicroRNA-122 levels were also found to be increased in patients with diabetic retinopathy 211,

Large-scale studies are necessary for clinical miRNA validation. Since miRNAs are involved in diverse regulatory
processes, future studies are needed to unravel their roles in the overall pathogenesis of T2D. A shift from targeted
analysis towards exploratory next generation sequencing (NGS) should be performed in order to potentially

discover novel miRNA relevant for T2D pathogenesis 221,

Circulating long-noncoding RNAs (IncRNAs), which are RNA molecules longer than 200 nucleotides and that do
not code for proteins, exhibit cell and tissue specificity and have been implicated in various cellular processes,
including transcriptional regulation. In the context of T2D complications, circulating INncRNAs have been shown to
play important roles as transcriptional activators and regulators. In a mouse model of diabetic nephropathy, Tugl

IncRNA was shown to modulate mitochondrial bioenergetics in glomerular podocytes 32!,

Other IncRNAs such as GAS5, RNA-MEG3is, MALAT1, and CYP4B1-PS1-001 were reported to be involved in

diabetes-induced microvascular dysfunction and inflammation [24133](36](37]
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The use of IncRNAs comes with several disadvantages, however, including a lack of conservation across species
and technically challenging analysis. Also, the fact that IncRNAs harbor a multitude of roles at the cellular level

makes their specific functional characterization difficult.

Even though cfRNA provides a snapshot of transcripts reflecting the health status of multiple RNAs, understanding
the precise origins of cfRNA, including their cell types of origin, can be challenging due to the complex and
dynamic nature of cfRNA in circulation 38,

2.2. Extracellular Vesicles

EVs play a significant role in intercellular communication and their shedding is influenced by intracellular elements
such as calcium ions. EVs can interact with recipient cells through various mechanisms, including ligand—receptor
binding, phagocytosis, direct fusion with plasma membranes, micropinocytosis, and lipid raft-mediated
internalization or endocytosis 22,

EVs are classified based on their different sizes and biogenesis processes (Figure 2). The main types of EVs are
microparticles (MPs), exosomes, and apoptotic bodies, each with distinct characteristics 29, MPs that are also
known as microvesicles or ectosomes originate from the outward budding or shedding of the plasma membrane of
cells and have a diameter size range from 30 nm to approximately 1 ym. Exosomes originate from the inward
budding of endocytic vesicles within the cell, forming early endosomes which mature into late endosomes, also
known as multivesicular bodies (MVBs), where intraluminal vesicles (ILVs) are formed through the inward budding
of the endosomal membrane. Exosomes are released when MVBs fuse with the cell’'s plasma membrane, leading
to the extracellular release of the ILVs as exosomes. Exosomes are generally smaller, typically ranging from 30 to
150 nm in diameter. Apoptotic bodies are distinct from MPs and exosomes in terms of their origin and are typically
larger than MPs and exosomes 41,
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Figure 2. Diagram illustrating the processes involved in the generation of microvesicles, exosomes, and apoptotic

bodies.

| 3. Salivary Markers

The conventional monitoring of serological parameters in diabetes typically involves invasive techniques, causing
discomfort and distress. Collecting saliva is convenient, enhancing accessibility for both healthcare professionals
and patients and is especially beneficial in scenarios where obtaining blood samples may pose challenges or
discomfort. Saliva comprises a range of biomarkers, encompassing DNA, RNA, proteins (3000 proteins and 12,000
peptides), and metabolites 42l An elegant review by Srinivasan et al. presented the wide array of salivary
biomarkers linked to T2D, including glucose, glycosylated hemoglobin (HbAlc), amylase, alpha 2-macroglobulin,
alpha defensins, carbonyls, dehydroprogesterone, ghrelin, high-density lipoprotein, C reactive protein, leptin,

insulin, 1l-1, osteopontin, osteocalcin, transferrin receptor, urea, and uric acid “42144]

In contrast to genetic T2D biomarkers, there is a limited body of research on mRNA biomarkers derived from saliva
samples. A study examined differential gene expression in saliva from 13 T2D patients, revealing elevated levels of
KRAS, SAT1, SLC13A2, and TMEM72, alongside reduced expressions of EGFR and PSMB2 genes [45] Initially
identified through microarray analysis, these six biomarkers were subsequently validated in a cohort of 13 T2D
patients and 13 healthy controls. A logistic model incorporating four of these salivary biomarkers (KRAS, SAT1,
EGFR, and PSMB2) successfully distinguished T2D patients from healthy controls, yielding an area under the
curve (AUC) of 0.917 with a 95% confidence interval of 0.809-1.000. This suggests that salivary mRNAs hold

promise as T2D biomarkers, although further investigations involving larger sample sizes are warranted.
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Subsequently, a validated panel comprising four salivary extracellular RNA biomarkers (ILLR2—interleukin 1
receptor type 2, VPS4B—vacuolar protein sorting 4 homolog B, CAPl—cyclase-associated actin cytoskeleton
regulatory protein 1, LUZP6—Ileucine zipper protein 6) along with body mass index (BMI) has been identified. This
panel demonstrates the capability to differentiate individuals with high and low insulin resistance, both in the

general population and within subgroups of participants who are healthy and pre-diabetic €.

There is still a need to identify reliable salivary biomarkers in order to diagnose prediabetes or to distinguish
different T2D complications. For instance, differentiating between diabetic nephropathy (DN) and nondiabetic renal
disease (NDRD) is crucial for tailoring more specific treatments. However, currently, there are no ideal biomarkers

for making this distinction.

A recent study by Han et al. (2022) screened different salivary glycopatterns in DN and NDRD patients using lectin
microarrays, with validation conducted through lectin blotting. Diagnostic models were then constructed using

logistic regression and artificial neural network analyses, and their validity was confirmed in another cohort 2],

Oxidative stress occurs early in the development of T2D, often preceding the onset of clinical symptoms. Thus,
monitoring oxidative stress markers allows for the detection of subtle changes at a molecular level before overt
metabolic disturbances become evident 8], Oxidative stress and inflammation can affect pancreatic beta cells,
reducing their function and insulin secretion, further exacerbating glucose dysregulation. Prolonged exposure to
oxidative stress, inflammation, and protein glycation contributes to the development of diabetic complications,
including cardiovascular disease, neuropathy, nephropathy, and retinopathy. Understanding and targeting these
interconnected pathways is essential for developing therapeutic interventions to manage T2D and prevent
associated complications 42!,

Numerous studies suggest that an imbalance in oxidant/antioxidant mediators plays a significant role in the
development and advancement of metabolic syndrome, T2D, and cardiovascular disease. However, the majority of
research has concentrated on the distribution of these indicators in tissues and blood, leaving their influence on
saliva composition less explored. Products resulting from lipid peroxidation, protein oxidation, and DNA damage
can be directly evaluated in saliva, potentially providing a means to diagnose systemic disorders associated with
oxidative stress. The evaluation of salivary redox biomarkers appears to be applicable for both diagnosing and
monitoring various health conditions, including obesity, diabetes, hypertensive disorders, and heart failure. In these
conditions, there is a pathological depletion of molecules and enzymes with antioxidant properties in saliva, while
oxidative and nitrosative by-products are favored. For instance, research has demonstrated elevated salivary
oxidative biomarkers, including 4-hydroxynonenal (4-HNE), 8-isoprostanes (8-isoP), advanced oxidation protein
products (AOPP), protein carbonyl groups (PC), and 8-hydroxy-D-guanosine (8-OHdG) 9.

The use of saliva samples for the molecular diagnostic of T2D comes with several caveats. For example, the local
oral status and pathologies related to the oral cavity, such as periodontitis and dental caries may influence the
redox balance of saliva, posing potential interference with its widespread routine clinical application 1. Some

biomarkers, such as pro-inflammatory cytokines, are common to many diseases, whereas others are more specific.
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The presence of other inflammatory comorbidities could also influence the reliability of salivary markers. Moreover,
the oral microbiota, specific to each individual, might produce different metabolites and other signaling molecules
which might hinder an accurate diagnostic.

The potential to identify a specific array of candidate molecules using saliva for distinguishing each stage of chronic
disorder and creating panels of salivary mediators as appropriate molecular biomarkers, when integrated with the
demographic, genetic, and anthropometric characteristics of patients, could offer an innovative diagnostic tool.
Nevertheless, there is still a need to identify salivary markers specific for different T2D stages and complications.
Once identified and validated in clinical studies, these biomarkers could further be incorporated into point-of-care
devices or wearable sensors to enable their fast detection.
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