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Abstract

Metabolic diseases affect a consistent part of the human population, leading to rising mortality rates. This raises the need for diagnostic tools to
monitor the progress of these diseases. Lately, circulating cell-free DNA (cfDNA) has emerged as a promising biomarker for various metabolic
diseases, including obesity, type 2 diabetes, and metabolic-associated fatty liver disease. CFDNA is released from apoptotic and necrotic cells into
the bloodstream and other body fluids, and it retains various molecular signatures of its tissue of origin. Thus, cfDNA load and composition can
reflect tissue pathologies and systemic metabolic dysfunctions. In addition to its potential as a diagnostic biomarker, interest in cfDNA derives
from its recently discovered role in adipose tissue inflammation in obesity. This review discusses detection methods and clinical significance of
cfDNA in metabolic diseases.
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Metabolic diseases, including obesity, type 2 diabetes (T2D),
and metabolic-associated fatty liver disease (MAFLD), are
global health concerns with rising prevalence and mortality
rates. These conditions are characterized by chronic low-
grade inflammation, insulin resistance, and dysregulated lipid
and glucose metabolism [1]. Circulating cell-free DNA
(cfDNA) consists of small DNA fragments—typically 160 to
180 base pairs (bp) in length—released into the bloodstream
from dying or stressed cells, providing insights into the genetic
and epigenetic changes occurring in the tissue of origin. In the
second half of the last century, it was shown that several dis-
eases, such as systemic lupus erythematosus and cancer, led to
elevated cfDNA levels in human blood [2, 3]. Since then, many
studies have investigated and demonstrated that alterations in
blood ¢fDNA concentration were associated with specific
pathological conditions. In fact, while ¢fDNA fragments in
healthy individuals were shown to be predominantly of hem-
atopoietic origin, several pathological conditions can cause
augmented apoptotic events, resulting in higher amounts of
cfDNA being released from the affected tissues [4, 5].

In cancer patients, cfDNA harbors specific mutations that are
found in the patient’s tumor cells, and it is thus referred to as
circulating tumor DNA (ctDNA) [6]. This peculiar characteris-
tic of cancer-associated cfDNA was first recognized in 1994,
when mutated KRAS sequences detected in plasma or serum
from patients affected by pancreatic carcinoma were also found
in the tumors of these patients [7]. Since then, increasing

evidence of ctDNA potential as biomarkers has been collected,
and it has not been limited to the bloodstream, but has involved
other body fluids as well, such as urine and saliva [8, 9]. The
possibility of exploiting different easily accessible fluids to de-
tect the presence of specific disease signatures makes cfDNA’s
prognostic and diagnostic potential even broader. In fact, spe-
cific tumors might be more easily identifiable in body fluids oth-
er than plasma, like saliva in the case of head and neck
squamous cell carcinomas or urine in the case of bladder cancer
[10, 11]. Advances and challenges of cancer-related cfDNA
studies have been exhaustively reported elsewhere [12-16]
and will not be further discussed in this review.

CfDNA applications are not limited to cancer studies. Since
Lo et al [17] found fetal cfDNA in maternal plasma and se-
rum, several groups have explored how to use ¢cfDNA in non-
invasive prenatal screening, for instance to detect aneuploidy
[18] or more recently phenylketonuria [19]. CfDNA applica-
tions have already revealed great potential in cancer and pre-
natal screening, to the point that ¢fDNA testing based on
specific gene panels is now the object of various clinical trials,
and it has already been proven to be valuable within some na-
tional health systems [20, 21]. However, these are not the only
areas where cfDNA have been investigated, and metabolic dis-
orders represent another emerging field in this regard. Thus,
this review will explore the current understanding of cfDNA
in metabolic diseases, highlighting its potential as a biomarker
in clinical diagnostics (Fig. 1).
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Figure 1. Circulating cell-free DNA (cfDNA) consists of small DNA fragments that originate from apoptosis, necrosis, or other cell-death events like
NETosis, and that are released into the blood and other body fluids. As cfDNA retains epigenetic signatures of its tissue of origin, it can be isolated from
blood, urine, or saliva and can potentially be used to gain insights into the epigenetic mechanisms underlying specific metabolic disorders, such as
diabetes, obesity, and metabolic-associated fatty liver disease (MAFLD). In addition to having potential as a diagnostic tool, cfDNA was shown to
contribute to adipose tissue inflammation in obesity, meaning cfDNA is not only a biomarker, but it actively contributes to the pathogenesis of this

disorder. This figure was created with BioRender.com.

To provide up-to-date information on the discussed topic,
the PubMed database was used to find scientific articles. The
search was performed with the keyword “cfDNA” plus
the AND conjunction and one of the following key words:
“obesity,” “diabetes,” “T1D,” “T2D,” “MAFLD,”
“NAFLD,” “metabolic disorders.” Also, to filter for informa-
tion specifically related to metabolic disorders, further
searches were performed with the key words “cancer” and
“prenatal screening” added via the NOT conjunction.

Origins and Characteristics of Circulating
Cell-Free DNA

CfDNA primarily originates from cell death, mainly through
apoptosis or necrosis, but other processes like NETosis
(NET—mneutrophil extracellular traps) can also contribute to
their release [22]. Typically, ¢fDNA fragment length was
found to be in the 160 to 180 bp range, with a dominant
peak at 166 to 167 bp, thus corresponding to the length of a
chromatosome (ie, nucleosome plus linker histone) [23-25].
This size distribution most likely reflects the protection from
nuclease activity provided to cfDNA by its association with
proteins, and it supports the origin of cfDNA as mainly deriv-
ing from enzymatic cleavage of genomic DNA in apoptotic
cells [23, 26], although longer fragments can also be present,
likely originating from necrotic events [27]. Since cfDNA re-
tains the molecular characteristics of its tissue of origin,
such as fragmentation and methylation patterns, it can pro-
vide valuable insights into epigenetic mechanisms underlying
various pathological states [28, 29].

Cell-Free DNA in Obesity

There is emerging evidence for the role of cfDNA in metabolic
diseases. Haghiac et al [30] reported higher cfDNA levels in
obese pregnant women compared to lean pregnant women.
Since then, several groups have investigated the relation be-
tween cfDNA blood load and obesity-related anthropometric
traits (eg, body mass index, body fat percentage, or waist-to-hip
ratio), but whether a direct relation exists remains controversial
[31-33]. Nevertheless, several studies have demonstrated that
cfDNA levels positively correlated with metabolic parameters
often associated with obesity, such as the homeostatic model
assessment of insulin resistance and C-reactive protein
[32, 34]. In accordance with this finding, the release of
cfDNA has been associated with inflammatory diseases, and
at the same time, obesity is known to be characterized by exces-
sive adipose tissue expansion and chronic low-grade inflamma-
tion, which contribute to insulin resistance and metabolic
dysregulation [35]. When looking at epigenetic signatures, sev-
eral cfDNA differentially methylated regions were identified
comparing lean and obese Gottingen minipigs [33], once again
highlighting the diagnostic potential of this biomarker.

In the context of a mechanistic role in obesity, it was demon-
strated that cfDNA derived from adipocytes can act through the
toll-like receptor 9 signaling pathway to activate macrophages
[35]. Further in vitro studies revealed that cfDNA decreased adi-
ponectin secretion in 3T3-L1 adipocytes, likely acting through
various pattern recognition receptors [36]. These findings
suggest that cfDNA contributes to the inflammatory state that
characterizes obesity, although the magnitude of cfDNA action
in this context has not yet been elucidated.
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Overall, these studies highlight cfDNA’s potential as a non-
invasive biomarker for assessing adipose tissue cell death rate
and inflammation in obesity, and suggest that these DNA frag-
ments can to some extent contribute to the pathophysiology of
this condition.

Cell-Free DNA in Diabetes

T2D is characterized by insulin resistance and -cell dysfunction,
and lately, chronic systemic inflammation has been shown to be
involved in disease progression [37]. The use of cfDNA-based
tools to identify T2D complications has been the object of several
studies [38-41]. These works exploit the ShmC-Seal technology
[42], which enables biotin labeling of 5-hydroxymethylcytosine
(ShmC)-containing c¢fDNA fragments and their subsequent
polymerase chain reaction (PCR) amplification and next-
generation sequencing analysis. Their results suggest that the lev-
els of specific ShmC markers might allow us to differentiate
between T2D patients with and without vascular complications,
such as diabetic retinopathy and diabetic kidney disease.

CfDNA emerged as a biomarker for type 1 diabetes (T1D)
as well. Akirav et al [43] developed an assay based on
methylation-sensitive primers to distinguish B-cell- and
non-B-cell-derived ¢fDNA, as they found CpG sites in the
INS gene specifically unmethylated in f cells. Later on, the ef-
ficiency of the assay was improved by including the methyla-
tion status of CpGs in other genes like chromatin target of
PRMT1 (CHTOP) [44]. Although changes in unmethylated
INS cfDNA levels did not allow the differentiation between
patients with or without T2D [45], they were associated
with T1D onset [43, 46]. As promising as these initial findings
are, there is the need to validate and optimize the (un)methy-
lation detection assays so as to obtain more reliable and repro-
ducible results across different laboratories. Speake et al [47]
started addressing this need by comparing the performances
of 3 unmethylated insulin DNA assay, proving them all effect-
ive in quantifying circulating unmethylated INS levels.

Cell-Free DNA in Metabolic-Associated
Fatty Liver Disease

MAFLD encompasses a spectrum of liver conditions ranging
from simple steatosis to metabolic dysfunction—associated
steatohepatitis and cirrhosis. As progression of MAFLD is
strictly dependent on inflammatory mechanisms, cfDNA has
been proposed as a noninvasive biomarker for liver damage
in MAFLD, reflecting hepatocyte apoptosis and necrosis
[48]. Although c¢fDNA concentration has been found to cor-
relate with established MAFLD markers, the relation between
cfDNA levels and MAFLD progression is yet to be fully dem-
onstrated and remains elusive [48, 49]. Interestingly, cfDNA
methylation levels in ¢fDNA could be used, together with oth-
er biomarkers, to detect the presence of metabolic dysfunc-
tion—associated steatohepatitis, while plasma levels of the
macroH2A1.2 histone variant appear to be higher in patients
with MAFLD [49]. These results suggest that cfDNA could
provide a noninvasive method for assessing liver fibrosis and
monitoring disease progression in MAFLD patients.

Cell-Free DNA Analysis Workflow

The emerging potential applications of cfDNA as a biomarker
have inspired numerous research groups to promote and

intensify their efforts in this field. The growing interest in the
detection and quantification of cfDNA as potential diagnostic
tool raises the urgency to standardize both preanalytical and
analytical steps of cfDNA processing. In regard to the first aspect,
Meddeb et al [50] addressed the challenges that come between
patient identification and actual ¢fDNA analysis, including
blood collection, plasma preparation, and cfDNA extraction.
Other research groups have dealt with some of these issues as
well, providing the foundation to create common and validated
standard procedures to be followed in different laboratories, so
as to obtain more reliable and reproducible data [51, 52]. One of
the main concerns is plasma isolation, as it is fundamental that
cell damage and consequent genomic DNA release be avoided.
It has been established that the optimal procedure consists of 2
centrifugation steps to be performed within 4 hours from blood
sampling. In particular, blood is first centrifuged at 1200g for
10 minutes to prevent blood cells destruction, and the resulting
plasma is then further centrifuged at 16 000g for 10 minutes to
remove any cell debris [53].

Various quantification methods have been engaged in cfDNA
studies (Fig. 2). The fastest approaches aimed at cfDNA quanti-
fication are PCR-based methods, which can be performed
right after the extraction, with no intermediate processing
needed. These methods include quantitative real-time PCR
(qQRT-PCR), which is a reliable yet simple and cost-effective tech-
nique, and droplet digital PCR, which offers higher sensitivity
and precision [34, 54]. Recently, PCR-based methods that do
not even require prior cfDNA extraction from blood have
been developed, so as to avoid DNA loss during this step [55].
Alternatively, electrophoresis-based methods (eg, Bioanalyzer)
represent a reliable approach to obtain data about ¢cfDNA size
and concentration. These methods offer the advantage of
enabling quality and integrity control of the extracted DNA frag-
ments, thus allowing for genomic DNA contamination checking
[56, 57]. In case more detailed information (such as methylation
patterns and fragment size distribution) is required, sequencing-
based approaches are the techniques of choice. These methods
require library preparation steps like bisulfite conversion (neces-
sary for methylation detection), which usually causes substantial
cfDNA chemical degradation. Orntoft et al [58] highlighted this
issue by comparing the conversion efficiency of 12 commercially
available kits, showing clear performance differences between
the various kits. Enzymatic conversion is emerging as an alterna-
tive to bisulfite conversion [59, 60], as it enables a lower degrad-
ation rate of the starting cfDNA material, but this methodology
has not been implemented in the field of metabolic disorder yet.
Nevertheless, next-generation sequencing allows the determin-
ation of cfDNA methylation profiling, making it possible for re-
searchers to determine the cfDNA tissues of origin. To retrieve
this information, various tissue deconvolution methods have
been developed, such as the ones by Moss et al and Caggiano
et al, which are designed to decompose methylation array data
and whole-genome bisulfite sequencing reads, respectively [61,
62]. These methods use a reference methylation panel to estimate
the relative abundance of the various cell and/or tissue types
cfDNA originates from, therefore enabling the obtaining of in-
formation about cfDNA composition under specific pathologic-
al conditions.

Concluding Remarks

In this brief review, we have presented the current state of
cfDNA research in metabolic disorders, focusing on obesity,
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Figure 2. The first steps of circulating cell-free DNA (cfDNA) analysis workflow include blood collection and subsequent centrifugation to separate the
cfDNA-containing plasma from the corpuscular part of blood. Directly following cfDNA extraction, quantitative real-time polymerase chain reaction
(gRT-PCR) and digital droplet PCR (ddPCR) can be used to quantify the amount of circulating cfDNA, although gRT-PCR methods that do not even require
prior extraction are being developed. In addition, bisulfite (or more recently enzymatic) conversion and subsequent sequencing provides information
concerning cfDNA methylation patterns and fragment size distribution. This figure was created with BioRender.com.

T2D, and MAFLD. CfDNA represents a promising diagnostic
tool, not only in the cancer and prenatal testing fields, where
cfDNA detection methods are efficiently being established,
but in metabolic disorders as well. The difference in cfDNA re-
search advancement between cancer- and metabolic disorder—
related studies is likely due to the fact that cancer diagnostics
can rely on the detection of specific sequence mutations to dis-
criminate between cfDNA derived from cancer cells and that
derived from healthy cells. On the other hand, in the field of
metabolic disorders, it is mainly the epigenetic signature of
cfDNA that holds valuable information, and the characteriza-
tion of these markers is more challenging. In fact, most atlases
used for tissue deconvolution do not yet contain clearly dis-
tinctive epigenetic signatures for all the different cell types,
making it complicated to apply these technologies in some
specific fields. Even so, the possibility to access DNA frag-
ments originating from pathology-affected tissues directly
from the blood makes this biomarker an incredibly interesting
tool. Furthermore, as DNA extraction methods from other
body fluids like urine (in which DNA degradation is quicker)
are being implemented [63], it would be interesting to verify
whether ¢fDNA measurements from these sources could be
useful in the field of metabolic diseases as well. As mentioned
earlier, standardized preanalytical and analytical procedures
are needed to produce reliable and comparable results, which
will allow us to confidently identify specific cfDNA signatures
reflecting the pathological state of patients. In addition, the
implementation of sequencing techniques and subsequent de-
convolution methods will facilitate the determination of
cfDNA methylation markers associated with disease progres-
sion and complications.

Finally, recent works on how c¢fDNA also directly contrib-
utes to inflammation, especially in the context of obesity,
have been reported previously. These results are still very

preliminary, and the extent of ¢fDNA’s role in inflammation
is far from clear. Nevertheless, further investigations on the bio-
logical activity of circulating DNA fragments might lead to the
discovery on new potential targets of anti-inflammatory drugs.

Funding

This work was supported by Deutsches Zentrum fir
Diabetesforschung (DZD, grant No. 82DZD06D03 to
PK.) and the Deutsche Diabetes Gesellschaft to
M.K. Further support was obtained from the Deutsche
Forschungsgemeinschaft for a Collaborative Research
Center (CRC 1052/2): “Obesity mechanisms” (B3 to P.K.).

Author Contributions

All authors were responsible for the conception and design of
the manuscript, drafting of the manuscript, revising it critical-
ly for intellectual content, and approving the final version.

Disclosures

The authors have nothing to disclose.

Data Availability

Data sharing is not applicable to this article as no data sets
were generated or analyzed during the present study.

References

1. Hotamisligil GS. Inflammation and metabolic disorders. Nature.
2006;444(7121):860-867.

GZ0Z YOIBIN GZ UO JOSN 38Ulol|qIqIeusZ 4S9 Aq 962#56./900¥eAd/Z/6/0101ME/Sal/W00 dno olwepese)/:sdjy Woj papeojumoq


https://BioRender.com

Journal of the Endocrine Society, 2025, Vol. 9, No. 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Leon SA, Shapiro B, Sklaroff DM, Yaros M]. Free DNA in the se-
rum of cancer patients and the effect of therapy. Cancer Res.
1977;37(3):646-650.

Tan EM, Schur PH, Carr RI, Kunkel HG. Deoxybonucleic acid
(DNA) and antibodies to DNA in the serum of patients with system-
ic lupus erythematosus. | Clin Invest. 1966;45(11):1732-1740.
Lui YY, Chik KW, Chiu RW, et al. Predominant hematopoietic ori-
gin of cell-free DNA in plasma and serum after sex-mismatched
bone marrow transplantation. Clin Chem. 2002;48(3):421-427.
Butt AN, Swaminathan R. Overview of circulating nucleic acids in
plasma/Serum. Ann N 'Y Acad Sci. 2008;1137(1):236-242.
Phallen J, Sausen M, Adleff V, et al. Direct detection of early-stage
cancers using circulating tumor DNA. Sci Transl Med. 2017,
9(403):eaan2415.

Sorenson GD, Pribish DM, Valone FH, et al. Soluble normal and
mutated DNA sequences from single-copy genes in human blood.
Cancer Epidemiol Biomarkers Prev. 1994;3(1):67-71.

Goessl C, Krause H, Miiller M, et al. Fluorescent methylation-
specific polymerase chain reaction for DNA-based detection of
prostate cancer in bodily fluids. Cancer Res. 2000;60(21):
5941-5945.

Chuang AY, Chuang TC, Chang S, ef al. Presence of HPV DNA in
convalescent salivary rinses is an adverse prognostic marker in head
and neck squamous cell carcinoma. Oral Oncol. 2008;44(10):
915-919.

Wang Y, Springer S, Mulvey CL, et al. Detection of somatic muta-
tions and HPV in the saliva and plasma of patients with head and
neck squamous cell carcinomas. Sci Transl Med. 2015;7(293):
293ra104-293ra104.

Birkenkamp-Demtroder K, Nordentoft I, Christensen E, et al.
Genomic alterations in liquid biopsies from patients with bladder
cancer. Eur Urol. 2016;70(1):75-82.

Pessoa LS, Heringer M, Ferrer VP. ctDNA as a cancer biomarker: a
broad overview. Crit Rev Oncol Hematol. 2020;155:103109.
Nikanjam M, Kato S, Kurzrock R. Liquid biopsy: current technol-
ogy and clinical applications. | Hematol Oncol. 2022;15(1):131.
Garcia-Pardo M, Makarem M, Li JJN, Kelly D, Leighl NB.
Integrating circulating-free DNA (cfDNA) analysis into clinical
practice: opportunities and challenges. Br | Cancer. 2022;127(4):
592-602.

Batool SM, Yekula A, Khanna P, et al. The liquid biopsy consor-
tium: challenges and opportunities for early cancer detection and
monitoring. Cell Rep Med. 2023;4(10):101198.

Medina JE, Dracopoli NC, Bach PB, et al. Cell-free DNA approaches
for cancer early detection and interception. | Immunother Cancer.
2023;11(9):e006013.

Lo YMD, Corbetta N, Chamberlain PF, et al. Presence of fetal DNA
in maternal plasma and serum. The Lancet. 1997;350(9076):
485-487.

Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR.
Noninvasive diagnosis of fetal aneuploidy by shotgun sequencing
DNA from maternal blood. Proc Natl Acad Sci U S A. 2008;
105(42):16266-16271.

Yan Y, Wang F, Zhang C, et al. Evaluation of droplet digital PCR
for non-invasive prenatal diagnosis of phenylketonuria. Anal
Bioanal Chem. 2019;411(27):7115-7126.

Drag MH, Kilpeldinen TO. Cell-free DNA and RNA—measure-
ment and applications in clinical diagnostics with focus on metabol-
ic disorders. Physiol Genomics. 2021;53(1):33-46.

Song P, Wu LR, Yan YH, et al. Limitations and opportunities of
technologies for the analysis of cell-free DNA in cancer diagnostics.
Nat Biomed Eng. 2022;6(3):232-245.

Han DSC, Lo YMD. The nexus of ¢fDNA and nuclease biology.
Trends Genet. 2021;37(8):758-770.

Snyder Matthew W, Kircher M, Andrew JH, Riza MD, Shendure J.
Cell-free DNA comprises an in vivo nucleosome footprint that in-
forms its tissues-of-origin. Cell. 2016;164(1-2):57-68.

24.

2S.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Zheng YWL, Chan KCA, Sun H, et al. Nonhematopoietically de-
rived DNA is shorter than hematopoietically derived DNA in plas-
ma: a transplantation model. Clin Chem. 2012;58(3):549-558.
Suzuki N, Kamataki A, Yamaki J, Homma Y. Characterization of
circulating DNA in healthy human plasma. Clinica Chimica Acta.
2008;387(1-2):55-58.

Lo YMD, Chan KCA, Sun H, et al. Maternal plasma DNA sequen-
cing reveals the genome-wide genetic and mutational profile of the
Fetus. Sci Transl Med. 2010;2(61):61ra91-61ra91.

Jahr S, Hentze H, Englisch S, et al. DNA fragments in the blood
plasma of cancer patients: quantitations and evidence for their ori-
gin from apoptotic and necrotic cells. Cancer Res. 2001;61(4):
1659-1665.

Ivanov M, Baranova A, Butler T, Spellman P, Mileyko V. Non-
random fragmentation patterns in circulating cell-free DNA reflect
epigenetic regulation. BMC Genomics. 2015;16(S13):S1.
Lehmann-Werman R, Neiman D, Zemmour H, et al. Identification
of tissue-specific cell death using methylation patterns of circulating
DNA. Proc Natl Acad Sci U S A. 2016;113(13):E1826-E1834.
Haghiac M, Vora NL, Basu S, et al. Increased death of adipose cells,
a path to release cell-free DNA into systemic circulation of obese
women. Obesity. 2012;20(11):2213-2219.

Mhatre M, Adeli S, Norwitz E, et al. The effect of maternal obesity
on placental cell-free DNA release in a mouse model. Reproductive
Sciences. 2019;26(9):1218-1224.

Zovico CPV, Neto VHG, Veniancio FA, et al. Cell-free DNA as an
obesity biomarker. Physiol Res. 2020;69(3):515-520.

Drag MH, Debes KP, Franck CS, et al. Nanopore sequencing re-
veals methylation changes associated with obesity in circulating
cell-free DNA from Gottingen Minipigs. Epigenetics. 2023;18(1):
2199374.

Bartels MS, Scheffler L, Chakaroun R, et al. Increased circulating
cell-free DNA in insulin resistance. Diabetes Metab. 2020;46(3):
249-252.

Nishimoto S, Fukuda D, Higashikuni Y, et al. Obesity-induced
DNA released from adipocytes stimulates chronic adipose tissue in-
flammation and insulin resistance. Sci Adv. 2016;2(3):e1501332.
Thomalla M, Schmid A, Hehner ], et al. Toll-like receptor 7 (TLR7)
is expressed in adipocytes and the pharmacological TLR7 agonist
imiquimod and adipocyte-derived cell-free nucleic acids (cfDNA)
regulate adipocyte function. Int | Mol Sci. 2022;23(15):8475.
Tsalamandris S, Antonopoulos AS, Oikonomou E, et al. The role of
inflammation in diabetes: current concepts and future perspectives.
Eur Cardiol. 2019;14(1):50-59.

Yang Y, Zeng C, Lu X, et al. 5-Hydroxymethylcytosines in circulat-
ing cell-free DNA reveal vascular complications of type 2 diabetes.
Clin Chem. 2019;65(11):1414-1425.

Han L, Chen C, Lu X, ef al. Alterations of 5-hydroxymethylcyto-
sines in circulating cell-free DNA reflect retinopathy in type 2 dia-
betes. Genomics. 2021;113(1):79-87.

Chu J-L, Bi S-H, He Y, et al. 5-Hydroxymethylcytosine profiles in
plasma cell-free DNA reflect molecular characteristics of diabetic
kidney disease. Front Endocrinol (Lausanne). 2022;13:910907.
Yu C, Lin Y, Luo Y, et al. The fragmentomic property of plasma
cell-free DNA enables the non-invasive detection of diabetic nephr-
opathy in patients with diabetes mellitus. Front Endocrinol
(Lausanne). 2023;14:1164822.

Li W, Zhang X, Lu X, et al. 5-Hydroxymethylcytosine signatures in
circulating cell-free DNA as diagnostic biomarkers for human can-
cers. Cell Res. 2017;27(10):1243-1257.

Akirav EM, Lebastchi J, Galvan EM, et al. Detection of B cell death
in diabetes using differentially methylated circulating DNA. Proc
Natl Acad Sci U S A. 2011;108(47):19018-19023.

Syed F, Tersey SA, Turatsinze J-V, et al. Circulating unmethylated
CHTOP and INS DNA fragments provide evidence of possible islet
cell death in youth with obesity and diabetes. Clin Epigenetics.
2020;12(1):116.

GZ0Z YOIBIN GZ UO JOSN 38Ulol|qIqIeusZ 4S9 Aq 962#56./900¥eAd/Z/6/0101ME/Sal/W00 dno olwepese)/:sdjy Woj papeojumoq



45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Arosemena M, Meah FA, Mather KJ, Tersey SA, Mirmira RG.
Cell-Free DNA fragments as biomarkers of islet B-cell death in obes-
ity and type 2 diabetes. Int | Mol Sci. 2021;22(4):2151.

Simmons KM, Fouts A, Pyle L, et al. Unmethylated insulin as an ad-
junctive marker of Beta cell death and progression to type 1 diabetes
in participants at risk for diabetes. Int ] Mol Sci. 2019;20(16):3857.
Speake C, Ylescupidez A, Neiman D, et al. Circulating unmethy-
lated insulin DNA as a biomarker of human Beta cell death: a multi-
laboratory assay comparison. | Clin Endocrinol Metab. 2020;
105(3):781-791.

Karlas T, Weise L, Kuhn S, et al. Correlation of cell-free DNA plas-
ma concentration with severity of non-alcoholic fatty liver disease.
] Transl Med. 2017;15(1):106.

Buzova D, Braghini MR, Bianco SD, et al. Profiling of cell-free DNA
methylation and histone signatures in pediatric NAFLD: a pilot
study. Hepatol Commun. 2022;6(12):3311-3323.

Meddeb R, Pisareva E, Thierry AR. Guidelines for the preanalytical
conditions for analyzing circulating cell-free DNA. Clin Chem.
2019;65(5):623-633.

Parpart-Li S, Bartlett B, Popoli M, et al. The effect of preservative
and temperature on the analysis of circulating tumor DNA. Clin
Cancer Res. 2017;23(10):2471-2477.

Van Paemel R, De Koker A, Caggiano C, et al. Genome-wide study
of the effect of blood collection tubes on the cell-free DNA methyl-
ome. Epigenetics. 2021;16(7):797-807.

El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell
free DNA: preanalytical considerations. Clinica Chimica Acta.
2013;424:222-230.

Clausen FB, Jorgensen K, Wardil LW, Nielsen LK, Krog GR.
Droplet digital PCR-based testing for donor-derived cell-free

5S.

56.

57.

58.

59.

60.

61.

62.

63.

Journal of the Endocrine Society, 2025, Vol. 9, No. 2

DNA in transplanted patients as noninvasive marker of allograft
health: methodological aspects. PLoS One. 2023;18(2):e0282332.
Breitbach S, Tug S, Helmig S, et al. Direct quantification of cell-free,
circulating DNA from unpurified plasma. PLoS One. 2014;9(3):
e87838.

Truszewska A, Wirkowska A, Gala K, et al. Cell-free DNA profiling
in patients with lupus nephritis. Lupus. 2020;29(13):1759-1772.
Cédile O, Veyhe SR, Hansen MH, Titlestad K, Nyvold CG.
Investigation of circulating DNA integrity after blood collection.
BioTechniques. 2021;71(5):550-555.

Jrntoft WM-B, Jensen S&, Hansen TB, Bramsen JB, Andersen CL.
Comparative analysis of 12 different kits for bisulfite conversion of
circulating cell-free DNA. Epigenetics. 2017;12(8):626-636.

Erger F, Norling D, Borchert D, et al. cfENOMe—a single assay for
comprehensive epigenetic analyses of cell-free DNA. Genome Med.
2020;12(1):54.

Li Y-Y, Yuan M-M, Li Y-Y, et al. Cell-free DNA methylation re-
veals cell-specific tissue injury and correlates with disease severity
and patient outcomes in COVID-19. Clin Epigenetics. 2024;
16(1):37.

Caggiano C, Celona B, Garton F, et al. Comprehensive cell type de-
composition of circulating cell-free DNA with CelFiE. Nat
Commun. 2021;12(1):2717.

Moss ], Magenheim J, Neiman D, et al. Comprehensive human cell-
type methylation atlas reveals origins of circulating cell-free DNA in
health and disease. Nat Commun. 2018;9(1):5068.

Hilhorst M, Theunissen R, van Rie H, van Paassen P, Tervaert
JWC. DNA extraction from long-term stored urine. BMC
Nephrol. 2013;14(1):238.

GZ0Z YOIBIN GZ UO JOSN 38Ulol|qIqIeusZ 4S9 Aq 962#56./900¥eAd/Z/6/0101ME/Sal/W00 dno olwepese)/:sdjy Woj papeojumoq



	Circulating Cell-Free DNA in Metabolic Diseases
	Origins and Characteristics of Circulating Cell-Free DNA
	Cell-Free DNA in Obesity
	Cell-Free DNA in Diabetes
	Cell-Free DNA in Metabolic-Associated Fatty Liver Disease
	Cell-Free DNA Analysis Workflow
	Concluding Remarks
	Funding
	Author Contributions
	Disclosures
	Data Availability
	References




