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BACKGROUND: Long-term complications of type 2 diabe-
tes (T2D), such as macrovascular and microvascular
events, are the major causes for T2D-related disability
and mortality. A clinically convenient, noninvasive ap-
proach for monitoring the development of these compli-
cations would improve the overall life quality of patients
with T2D and help reduce healthcare burden through
preventive interventions.

METHODS: A selective chemical labeling strategy for
5-hydroxymethylcytosines (5hmC-Seal) was used to pro-
file genome-wide 5hmCs, an emerging class of epigenetic
markers implicated in complex diseases including diabe-
tes, in circulating cell-free DNA (cfDNA) from a collec-
tion of Chinese patients (n � 62). Differentially modi-
fied 5hmC markers between patients with T2D with and
without macrovascular/microvascular complications
were analyzed under a case–control design.

RESULTS: Statistically significant changes in 5hmC
markers were associated with T2D-related macrovas-
cular/microvascular complications, involving genes
and pathways relevant to vascular biology and diabe-
tes, including insulin resistance and inflammation. A
16-gene 5hmC marker panel accurately distinguished
patients with vascular complications from those with-
out [testing set: area under the curve (AUC) � 0.85;
95% CI, 0.73– 0.96], outperforming conventional
clinical variables such as urinary albumin. In addition,
a separate 13-gene 5hmC marker panel could distin-
guish patients with single complications from those

with multiple complications (testing set: AUC � 0.84;
95% CI, 0.68 – 0.99), showing superiority over con-
ventional clinical variables.

CONCLUSIONS: The 5hmC markers in cfDNA reflected
the epigenetic changes in patients with T2D who devel-
oped macrovascular/microvascular complications. The
5hmC-Seal assay has the potential to be a clinically con-
venient, noninvasive approach that can be applied in the
clinic to monitor the presence and severity of diabetic
vascular complications.
© 2019 American Association for Clinical Chemistry

Type 2 diabetes (T2D)7 is a formidable pandemic chal-
lenge to human health. More than 424 million people are
living with diabetes globally, and the number is expected
to increase to 628 million by 2045 (1 ). China has the
largest diabetic population, estimated at approximately
114.4 million in 2017 (1 ). The heaviest global burden of
T2D arises from complications that increase with dura-
tion of disease and result in disability and reduced life
expectancy (2 ). Patients with T2D are at particularly
high risk of vascular complications (3, 4 ), which are tra-
ditionally divided into macrovascular (i.e., atheroscle-
rotic diseases, heart diseases, and stroke) and micro-
vascular complications (i.e., nephropathy, neuropathy,
retinopathy) (3, 5 ). An observational study of 66726 pa-
tients with T2D from Asia, Africa, Europe, and South
America revealed that vascular complications were com-
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mon, with 27.2% and 53.5% of patients suffering from
macrovascular and microvascular complications, respec-
tively (6 ). Notably, in patients with T2D, atherosclerosis
is the main cause of impaired life expectancy, and dia-
betic nephropathy and retinopathy are the predominant
contributors to the end-stage renal disease and blindness,
respectively (5 ). Currently, no consensus exists in the
classification, definition, or diagnostic criteria for the
complications of T2D (5 ). Novel approaches including
effective biomarkers are expected to improve the diagno-
sis of T2D complications as well as predict the clinical
outcomes.

In mammals, 5-methylcytosines (5mCs) in DNA
are dynamic and reversible (7, 8 ) and can be oxidized
into 5-hydroxymethylcytosines (5hmCs) and other mod-
ified cytosine intermediates through the Ten–Eleven
Translocation enzymes (9 ). Notably, 5hmCs have been
shown to be stable epigenetic marker in the human ge-
nome, not simply the intermediate products of 5mC de-
methylation. The 5hmCs vary from tissue to tissue,
showing enrichment in brain, liver, kidney, and colorec-
tal tissue while being at very low levels in heart, breast,
and placenta (10 ). In contrast to the suppressive effect of
5mCs at promoters, 5hmCs are widely regarded as mark-
ers of activated genic loci or chromatin (11 ). 5hmCs play
vital roles in cell development, differentiation, matu-
ration, and self-renewal (12 ). Reduction of global lev-
els of 5hmCs has been reported in various cancers and
nervous system disorders, indicating their relevance to
complex diseases (12–15 ). Recently, studies have sug-
gested correlation between alterations in 5hmCs and
diabetic complication. For instance, a recent study us-
ing retinal capillary cells and retina from diabetic
mice indicated that hyperglycemia induced matrix
metalloproteinase-9 promoter hypomethylation and
transcription enhancement, and silencing of Ten–
Eleven Translocation 2 could prevent this phenome-
non (16 ). Moreover, peripheral blood levels of 5hmCs
were increased in patients with T2D who had glucose
levels that were poorly controlled compared to pa-
tients with well-controlled glucose levels and healthy
individuals (17 ). Periods of persistent hyperglycemia
during the course of T2D predispose the patient to
increased risk of developing diabetic complications
(17 ). These characteristics revealed potential diagnos-
tic or predictive value of 5hmCs for diabetic
complications.

Cell-free DNA (cfDNA) in the circulating blood
originates from dying cells from different tissues, which
release DNA into the peripheral bloodstream upon deg-
radation after cell death (18 ). CfDNA in blood has at-
tracted great interest as a noninvasive source for the clinic
with potential roles in disease diagnosis, such as cancers
and cardiovascular diseases (15, 19, 20 ). However, con-
ventional epigenomic profiling approaches, e.g., bisulfite

conversion–based methods, are limited with cfDNA
degradation, and they cannot distinguish 5hmC from
5mC. Here we developed a selective chemical labeling
strategy for 5hmCs, the 5hmC-Seal (21 ), which was op-
timized for genome-wide 5hmC mapping in as low as
approximately 1–2 ng cfDNA from only a few milliliters
of plasma (19 ). Taking advantage of this technique, we
profiled 5hmCs in cfDNA samples derived from a collec-
tion of patients with T2D with or without vascular com-
plications. Using a case–control design, we evaluated
whether 5hmC markers in cfDNA could distinguish pa-
tients who had developed macrovascular (and/or micro-
vascular) complications and who did not yet manifest
obvious signs of these complications.

Materials and Methods

STUDY PARTICIPANTS

In total, 62 patients with T2D were recruited from the
Specialist Clinic of the Department of Endocrinology at
Zhongnan Hospital, Wuhan University, China. Fasting
blood samples and 24-h urine collections were obtained
for the clinical tests and plasma cfDNA extraction on the
morning following hospital admission. The clinical in-
formation of patients was collected from the medical re-
cords following a standard protocol (see Table 1 in the
Data Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol65/
issue11). Patients with T2D were diagnosed according to
the 2017 Standards of Medical Care in Diabetes of the
American Diabetes Association (22 ). All patients under-
went vascular ultrasound, formal eye examinations, and
routine clinical laboratory tests. Among these patients,
12 had T2D without vascular complications and 50 were
diagnosed as having microvascular and/or macrovascular
complications (Fig. 1A; see Table 1 in the online Data
Supplement). Patients with T2D who had atheroscle-
rotic plaque or a clinical history of atherosclerotic heart
disease or stroke were defined as having macrovascular
complications, and patients with nephropathy, neuropa-
thy, or retinopathy were defined as having microvascular
complications (3, 5 ). The presence or absence of ath-
erosclerotic plaque in the carotid artery and/or lower
limb artery was assessed by the Logiq E9 General
Imaging-ultrasound System (General Electric). Ne-
phropathy was defined as the presence of albuminuria
(�20 �g/min) and/or reduced estimated glomerular
filtration rate (eGFR; �60 mL/min/1.73m2) (23 ).
Neuropathy was assessed by clinical symptoms such as
unpleasant sensations of burning, tingling, and skin
itching, as well as the quantitative sensory testing (23 ).
Retinopathy was evaluated by a study ophthalmologist
using the YZ6H ophthalmoscope (66 Vision) with pu-
pil dilation and the CIRRUS HD-OCT 5000 optical
coherence tomography (Zeiss) according to typical ret-
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inal microvascular signs (see Methods file in the online
Data Supplement) (23, 24 ). Patients showing only 1
type of these complications were defined as having
single complications and the patients showing 2 or
more types were defined as having multiple complica-
tions. All samples were deidentified before cfDNA ex-
traction, 5hmC profiling, and statistical modeling.
The Ethics Committee of Zhongnan Hospital ap-
proved this study. Informed consent was obtained
from each study participant.

CLINICAL LABORATORY TESTS

Liver function tests [serum alanine transaminase (ALT),
aspartate transaminase (AST), AST/ALT, total bilirubin,
direct bilirubin, indirect bilirubin, total protein, albu-
min, globin, �-glutamyl transpeptidase, alkaline phos-
phatase, and total bile acid], renal function tests (serum
urea nitrogen, creatinine, uric acid, eGFR), serum glu-
cose, and lipids (total cholesterol, triglycerides, HDL
cholesterol, LDL cholesterol, apolipoprotein A1, apoli-
poprotein B, lipoprotein A, nonesterified fatty acid) were
determined with the AU5800 Chemistry Analyzer
(Beckman). Serum insulin was assayed by the i4000SR
Immunology Analyzer (Abbott Laboratories). Blood

glycated hemoglobin (Hb A1c) was measured by the
HA-8160 Glycohemoglobin Analyzer (ADAMS). The
24-h urine collections were used for screening albu-
minuria with the Immulite 1000 Immunoassay Sys-
tem (Siemens).

The eGFR was calculated by the Chronic Kidney
Disease Epidemiology Collaboration equation: eGFR �
141 � min (Scr/�, 1)� � max (Scr/�, 1)–1.209 �
0.993Age � (1.018 if female), (Scr, Serum creatinine;
unit, mg/dL, 1 mg/dL � 88.4 �mol/L), where � � 0.7
for females or 0.9 for males; � � �0.329 for females or
�0.411 for males; min indicates the minimum of Scr/�
or 1; and max indicates the maximum of Scr/� or 1 (25 ).

5hmC-SEAL PROFILING

Plasma cfDNA samples were prepared from approxi-
mately 4 mL of peripheral blood with EDTA anticoagu-
lation, as previously described (19 ). Details about the
5hmC-Seal library preparation and bioinformatic pro-
cessing pipeline are described in previous publications
(19, 21, 26 ) as well as in the Methods file in the online
Data Supplement. The raw and processed 5hmC-Seal
data have been deposited into the NCBI Gene Expres-
sion Omnibus database (GSE125929).

Fig. 1. Overview of the 5hmC-Seal and study design.
(A), The concept of distinguishing patients with T2D who had complications from patients without complications using the 5hmC-Seal
technique, an approach utilizing clinically convenient liquid biopsy. (B), Flowchart showing the general design of the study, which
aimed to detect 5hmC-based marker genes for patients with T2D who had vascular complications in plasma cfDNA. NGS, next-
generation sequencing.
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IDENTIFYING 5hmC MARKERS FOR VASCULAR

COMPLICATIONS

We used a 2-step approach to develop a weighted model
(score) for detecting vascular complications in patients
with T2D (Fig. 1B). In Step 1, the normalized 5hmC-
Seal data were used to identify a list of most informative
candidate marker genes. In Step 2, the candidate marker
genes from Step 1 were further selected to build a final
panel of 5hmC marker genes by applying the elastic net
regularization in a multivariable logistic regression model
(see Methods file in the online Data Supplement).

EVALUATION OF THE 5hmC MARKERS AND CONVENTIONAL

CLINICAL VARIABLES

Clinical variables were categorized into “normal” and
“abnormal” according to the corresponding clinical ref-
erence intervals. Each clinical variable was used to assess
the detection accuracy of vascular complications for all
samples (27 ). In addition, we conducted multivariable
analysis to analyze combinations of conventional clinical
variables and the weighted scores (see Methods file in the
online Data Supplement).

EXPLORING FUNCTIONAL RELEVANCE OF THE MARKER

GENES

We used the Reactome Knowledgebase (28 ) to explore
whether certain pathways were enriched in our candidate
genes showing differential modification of 5hmC from
Step 1. We used the Reactome Functional Interaction
plug-in for Cytoscape to explore functional interactions
across the detected marker genes and/or differentially
modified candidates from Step 1. Hubs of the Reactome
Functional Interaction networks were estimated based on
the measurement of betweenness centrality, which repre-
sented the magnitude of influence a node (i.e., gene) had
over the flow of information in a gene network. To in-
vestigate 5hmC modification levels and diabetic dura-
tion, we used the Cox proportional hazards model in the
R package survivalAnalysis (29 ). Multivariate Cox pro-
portional hazards model were built with T2D complica-
tions as dependent variables and age, sex, body mass in-
dex (BMI), and 5hmC levels of the candidate genes as
independent variables. Here, age refers to age of the pa-
tients at baseline. The time-dependent hazard ratios
(HRs) and 95% CIs were estimated.

Results

CLINICAL CHARACTERISTICS OF THE STUDY PARTICIPANTS

Table 1 in the online Data Supplement shows the clinical
characteristics of the 62 study participants, including 12
patients without vascular complications, 34 patients with
single vascular complications (24 cases with macrovascu-
lar events, 10 cases with microvascular events), and 16
patients with multiple vascular complications. In total,

36 patients used insulin treatment, 34 patients used oral
glucose-lowering medications, 25 patients used blood
pressure-lowering medications, and 7 patients used
lipid-lowering agents. No significant difference of the
concomitant medications was found among different
groups of patients (P � 0.05; see Table 1 in the online
Data Supplement). The mean age for the 62 patients
was 59.1 � 11.3 years (range, 34 – 86 years) and
61.3% (n � 38) were men. For the patients with com-
plications, the mean diabetes duration was 8.6 � 7.7
years (range, 0.02–30 years) at the time of sample
collection, and 56% (n � 28) were men. Baseline char-
acteristics of age, sex distribution, BMI, and smoking
did not significantly differ between patients with com-
plications and patients without complications or be-
tween patients with single complications and patients
with multiple complications (P � 0.05; see Table 1 in
the online Data Supplement).

5hmC MODIFICATION LEVELS ASSOCIATED WITH VASCULAR

COMPLICATIONS

The general features of the profiled 5hmC markers in
cfDNA are shown in Fig. 2. Overall 5hmC levels over
gene body did not differ between male and female indi-
viduals. The 5hmC modification levels among the 62
patients with or without complications were compared
using a logistic regression model controlled for sex and
age. The normalized mean counts of the 662 differen-
tially modified candidate genes (including both up- and
down-modified genes) significantly increased in patients
with complications relative to patients without compli-
cations (P � 0.001), but the mean counts had no statis-
tically significant difference between patients with single
complication and patients with multiple complications
(Fig. 2A and B). The 5hmC modification landscapes
among the 50 patients with single or multiple complica-
tions were then compared using a logistic regression
model. The normalized mean counts of the 153 differen-
tially modified candidate genes (including both up- and
down-modified genes) decreased in patients with multi-
ple complications (P � 0.001; Fig. 2D).

5hmC MARKERS FOR PATIENTS WITH OR WITHOUT

COMPLICATIONS

The 62 patients were then randomly grouped into a
training set (n � 31) and a testing set (n � 31). Our
primary statistical modeling was carried out on approxi-
mately 20000 gene bodies with a priori determined cri-
teria (i.e., at least 20 reads in �90% samples). Logistic
regression models were used to select a list of 135 most
informative candidate genes for further variable selec-
tion and weighted score computation (see Table 2 in
the online Data Supplement). A 16-gene panel of
5hmC markers was identified using the elastic net for
distinguishing patients with T2D with complications
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from those without (Fig. 3A). The weighted score for
detecting complications was then computed based on
the 16-gene panel and the final multivariable logistic
model (Detection Model 1) from the training set. The
patients without complications showed significantly
lower scores than those with complications in both the
training set and the testing set (Fig. 3B). The receiver
operating characteristic curves were used to evaluate
model performance by the area under the curve
(AUC). Considering weighted score alone, the results
indicated 60% clinical sensitivity and 100% clinical
specificity at the score cutoff of 0.50 for patient clas-
sification in the testing set.

5hmC MARKERS FOR PATIENTS WITH SINGLE OR MULTIPLE

COMPLICATIONS

The 50 patients with available diagnostic information
(i.e., with single or multiple complications) were ran-
domly grouped into a training set (n � 25) and a
testing set (n � 25). In total, 159 candidate marker
genes were selected for further feature selection (see
Table 3 in the online Data Supplement). A 13-gene
panel of 5hmC marker genes was identified using the
elastic net regularization for distinguishing patients
with T2D with a single complication from those with
multiple complications (Fig. 3C). The weighted score
for detecting single/multiple complications was com-

Fig. 2. Genomic landscapes of the 5hmC modifications in cfDNA.
(A), Patients with or without complications show distinct 5hmC modification landscapes based on the normalized counts of 662 candidate
marker genes. (B), The mean of normalized counts of the 662 candidate marker genes among the analyzed patients with T2D. (C), Patients with
single or multiple complications show distinct 5hmC modification landscapes based on the normalized counts of 153 candidate marker genes.
(D), The mean of normalized counts of the 153 candidate marker genes differ significantly between patients with single or multiple compli-
cations. Wilcoxon Rank Sum Test P value: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: T2D Comp (−), patients
without complications; T2D Comp (+), patients with complications.
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Fig. 3. Performance of the 5hmC markers in cfDNA for patients with T2D who had complications.
(A), The heatmaps and (B), the weighted scores of the training and testing groups showed the performance of the 16 marker genes for
distinguishing patients withT2D who had complications from patients without complications. (C), The heatmaps and (D), the weighted scores
of the training and testing groups show the performance of the 13 marker genes for distinguishing T2D patients with single complications
from those with multiple complications. Wilcoxon rank sum test P value: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbrevia-
tions: Nephropathy (–), patients with T2D without nephropathy; Nephropathy (+), patients with T2D with nephropathy. Human genes:
CCDC74B, coiled-coil domain-containing protein 74B; FAM136A, family with sequence similarity 136 member A; GGACT, gamma-
glutamylamine cyclotransferase; CCER2, coiled-coil glutamate rich protein 2; FAM19A3, TAFA chemokine like family member 3; SLC22A7,
solute carrier family 22 member 7; COL1A2, collagen type I alpha 2 chain; RPL22L1, ribosomal protein L22 like 1; FGFBP1, fibroblast growth
factor binding protein 1; ZNF391, zinc finger protein 391; ALG10B, ALG10 alpha-1,2-glucosyltransferase B; FAM162B, family with sequence
similarity 162 member B; DEFB125, defensin beta 125; OR2L13, olfactory receptor family 2 subfamily L member 13; SLC22A24, solute carrier
family 22 member 24; C6orf58, chromosome 6 open reading frame 58; PCDH18, protocadherin 18; IL17F, interleukin 17F; SPINK14, serine
peptidase inhibitor, Kazal type 14 (putative); DEFB108B, defensin beta 108B; ZNF705E, zinc finger protein 705E.
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puted based on this 13-gene model (Detection Model
2). The weighted scores of patients with single com-
plications were significantly different from the scores
of those with multiple complications in both the train-
ing and testing sets (Fig. 3D). Notably, the weighted
scores of patients with nephropathy were also different
from the scores of those without nephropathy (Fig.
3D). When using the weighted score as the only pre-
dictor, the receiver operating characteristic curve re-
sults showed an 87.5% clinical sensitivity and 68.8%
clinical specificity at the score cutoff of 0.69 for pa-
tient classification in the testing set.

COMPARISONS WITH CONVENTIONAL CLINICAL VARIABLES

OR RISK FACTORS

We evaluated the sensitivity and specificity of various
clinical variables or risk factors for detecting vascular
complications in the study participants (Table 1). In
general, the results suggested that although some clin-
ical variables (e.g., urinary albumin, serum ALT, AST,
creatinine, �-glutamyl transpeptidase, lipoprotein A)
appeared to have a high clinical sensitivity or specific-
ity, the overall accuracy when considering both
sensitivity and specificity was not satisfactory, indicat-
ing the need for a more accurate approach. For exam-
ple, the AUC for urinary albumin was 0.51 (0.31–
0.72; Table 2). Specifically, we built a multivariable

model by combining our 5hmC-based panel and var-
ious clinical variables from the training set and evalu-
ated the performance in the testing set. In the testing
set, the AUC of weighted scores were larger than that
of these clinical variables. And the AUC of these
clinical variables combined with weighted scores also
increased (Table 2). Notably, the multivariable
model showed an independent indicator of our
weighted score for detecting patients with vascular
complications.

PATHWAY ANALYSIS AND FUNCTIONAL EXPLORATION

Functional annotation analysis of the 135 candidate
marker genes between patients with or without com-
plications (see Table 2 in the online Data Supplement)
suggested enrichment in certain canonical pathways.
The pathways of the top 10% false discovery rate cor-
rected P value and number of genes in each pathway
�3 included signaling by insulin like growth factor 1
receptor (IGF1R), interleukin-10 (IL-10), and fibro-
blast growth factor receptor 2 (Fig. 4A). Of these path-
ways, signaling by IGF1R and IL-10 are known to be
relevant to insulin resistance and inflammation, which
play important roles in vascular biology and diabetes.
The hubs of the Reactome functional interaction net-
works (Fig. 4B) showed that ubiquitin encoding genes

Table 1. Sensitivity and specificity of traditional clinical variables.

Clinical parameter

With or without
complications

Single or multiple
complications

Sensitivity Specificity Sensitivity Specificity

Glucose 0.64 0.60 0.63 0.33

Hb A1c 0.54 0.33 0.56 0.50

ALT 0.12 0.73 0.09 0.81

AST 1.00 0.20 0.09 0.81

GGTa 0.11 0.82 0.09 0.87

ALP 0.02 0.91 0.00 0.33

LDL-C 0.26 0.55 0.30 0.80

HDL-C 0.31 0.82 0.33 0.73

Lp(a) 0.16 0.91 0.11 0.73

NEFA 0.21 0.73 0.18 0.73

CREA 0.24 0.92 0.21 0.69

UA 0.63 0.75 0.61 0.33

BUN 0.28 0.83 0.19 0.53

eGFR 0.70 0.42 0.71 0.31

u-Alb 0.82 0.25 0.85 0.25

a GGT, gamma-glutamyl transpeptidase; ALP, alkaline phosphatase; LDL-C, LDL cholesterol; HDL-C, HDL cholesterol; Lp(a), lipoprotein A; NEFA, nonesterified fatty acid; CREA,
creatinine; UA, uric acid; BUN, blood urea nitrogen; u-Alb, Urinary albumin.
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[ubiquitin B (UBB),8 ubiquitin C (UBC), ubiquitin
A-52 residue ribosomal protein fusion product 1
(UBA52)] were the central linkers of candidate genes
[i.e., SMAD family member 3 (SMAD3), forkhead
box D2 (FOXD2), DR1 associated protein 1
(DRAP1), multiciliate differentiation and DNA syn-
thesis associated cell cycle protein (MCIDAS), motilin
(MLN), PILR alpha associated neural protein (PI-
ANP), and tubulin folding cofactor C (TBCC)]. Of
these 135 candidate marker genes, a few genes [i.e.,
TNF receptor superfamily member 25 (TNFRSF25),
P � 0.027, HR � 6.25; MLN, P � 0.0021, HR �
20.40; C-C motif chemokine ligand 3 like 1

(CCL3L1), P � 0.018, HR � 0.44] showed the trend
of association with diabetic duration, suggesting the
possibility of time-dependent interaction between
5hmC and diabetic vascular complications (see Table
4 in the online Data Supplement). Future studies
based on longitudinal sampling could further establish
the dynamic relationship between 5hmC changes and
diabetic duration.

Further functional annotation analysis of the 159 can-
didate marker genes between patients with single or multi-
ple complications (see Table 3 in the online Data Supple-
ment) showed enrichment in such pathways as cell–cell
junction, collagen formation, metabolism, and cellular re-
sponses to stress, which are related to the fundamental cell
functions (see Table 3 in the online Data Supplement).

Discussion

Our primary aim was to evaluate whether 5hmC in
cfDNA could distinguish patients with T2D who had

8 Human Genes: UBB, ubiquitin B; UBC, ubiquitin C; UBA52, ubiquitin A-52 residue ribo-
somal protein fusion product 1; SMAD3, SMAD family member 3; FOXD2, forkhead box
D2; DRAP1, DR1 associated protein 1; MCIDAS, multiciliate differentiation and DNA
synthesis associated cell cycle protein; MLN, motilin; PIANP, PILR alpha associated neural
protein; TBCC, tubulin folding cofactor C; TNFRSF25, TNF receptor superfamily member
25; CCL3L1, C-C motif chemokine ligand 3 like 1.

Table 2. Performance of the weighted scores and traditional clinical variables in the testing set.

With or without complications Single or multiple complications

AUC 95% CI
AUC combined

with WSa 95% CI AUC 95% CI
AUC combined

with WS 95% CI

WS 0.85 0.73–0.96 – – 0.84 0.68–0.99 – –

BMI 0.61 0.31–0.90 0.85 0.73–0.96 0.49 0.22–0.75 0.84 0.68–1.00

Smoking 0.46 0.21–0.71 0.82 0.68–0.96 0.59 0.34–0.85 0.85 0.69–1.00

Diabetic duration 0.67 0.41–0.93 0.86 0.75–0.98 0.58 0.35–0.82 0.84 0.68–0.99

DBP 0.53 0.28–0.77 0.86 0.75–0.98 0.70 0.47–0.93 0.84 0.69–0.99

SBP 0.70 0.40–1.00 0.84 0.71–0.97 0.70 0.46–0.93 0.83 0.67–0.99

Glucose 0.50 0.22–0.78 0.74 0.53–0.96 0.67 0.23–1.00 0.90 0.72–1.00

Hb A1c 0.52 0.20–0.84 0.86 0.73–0.98 0.57 0.33–0.82 0.84 0.68–0.99

ALT 0.62 0.35–0.90 0.83 0.70–0.97 0.57 0.31–0.83 0.82 0.64–0.99

AST 0.58 0.35–0.82 0.84 0.71–0.97 0.56 0.31–0.81 0.83 0.66–0.99

GGT 0.53 0.30–0.77 0.83 0.70–0.97 0.62 0.38–0.87 0.83 0.66–1.00

ALP 0.52 0.28–0.75 0.87 0.73–1.00 0.61 0.37–0.86 0.84 0.67–1.00

LDL-C 0.65 0.30–1.00 0.78 0.63–0.93 0.56 0.29–0.83 0.85 0.66–1.00

HDL-C 0.64 0.40–0.88 0.78 0.63–0.93 0.51 0.24–0.78 0.82 0.63–1.00

Lp(a) 0.54 0.31–0.78 0.79 0.64–0.94 0.46 0.20–0.73 0.82 0.64–1.00

NEFA 0.61 0.35–0.86 0.79 0.64–0.94 0.63 0.36–0.89 0.84 0.66–1.00

CREA 0.53 0.24–0.81 0.86 0.74–0.98 0.75 0.49–1.00 0.82 0.63–1.00

UA 0.54 0.25–0.82 0.86 0.74–0.98 0.52 0.27–0.77 0.79 0.60–0.98

BUN 0.49 0.22–0.75 0.86 0.74–0.98 0.60 0.34–0.87 0.80 0.62–0.99

eGFR 0.53 0.25–0.81 0.86 0.75–0.98 0.60 0.37–0.82 0.85 0.69–1.00

u-Alb 0.51 0.31–0.72 0.86 0.73–0.98 0.65 0.41–0.89 0.84 0.68–1.00

a WS, weighted score; DBP, diastolic blood pressure; SBP, systolic blood pressure; GGT, gamma-glutamyl transpeptidase; ALP, Alkaline phosphatase; LDL-C, LDL cholesterol; HDL-C,
HDL cholesterol; Lp(a), lipoprotein A; NEFA, nonesterified fatty acid; CREA, creatinine; UA, uric acid; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; u-Alb, urinary
albumin.
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Fig. 4. Pathway analysis and function exploration.
(A), Pathways enriched in the 135 candidate marker genes with modified 5hmC between patients with and without complications are shown.
(B), A functional interaction (FI) sub-network is constructed based on the measurement of betweenness centrality across linker genes (red) and
candidate genes (black). The node size is proportional to the betweenness centrality calculated from the network using the Reactome database.
Human genes: CCL3L3, C-C motif chemokine ligand 3 like 3; CXCL1, C-X-C motif chemokine ligand 1; FGF20, fibroblast growth factor 20; IGF1,
insulin like growth factor 1; FGF3, fibroblast growth factor 3; FGFBP1, fibroblast growth factor binding protein 1; COL1A2, collagen type I alpha
2 chain; COL1A1, collagen type I alpha 1 chain; PTPN11, protein tyrosine phosphatase non-receptor type 11; TBCE, tubulin folding cofactor E;
JUN, Jun proto-oncogene, AP-1 transcription factor subunit; CTCF, CCCTC-binding factor; HOXC8, homeobox C8; GNB1, G protein subunit beta
1; PILRA, paired immunoglobin like type 2 receptor alpha.
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vascular complications from patients without such com-
plications. Previous studies have implicated 5hmC as a
novel class of biomarkers for various cancers and hema-
tological malignancies (20 ), but the value of 5hmC in
cfDNA for detecting vascular complications in the con-
text of diabetes has not yet been investigated.

Vascular complications contribute to about two thirds
of deaths in diabetic patients (22). Mortality is increased
10-fold and 5-year survival is only 12.5% in diabetic pa-
tients with heart failure (30). The prevalence of retinopathy
and nephropathy in diabetic population are 28.5% and
20%–40%, respectively (31). The major risk factors in-
clude smoking, hypertension, hyperglycemia, dyslipidemia,
and albuminuria. Although diabetic duration is a risk factor,
effectively controlling those major risk factors could prevent
or slow the development of vascular events (22). Specifi-
cally, exposure of blood vessels to hyperglycemia, dyslipide-
mia, and inflammatory cytokines triggers thickening of the
vascular basement membrane, induces dysfunctions of en-
dothelial cells, and disturbs the communication between
endothelial cells and pericytes, and further leads to diabetic
vasculopathy and atherosclerosis (4). Some unstable athero-
sclerotic plaques are prone to rupture (32), and inflamma-
tion could cause plaque disruption (33). Both unstable
plaques and apoptotic/necrotic vascular endothelial cells
could release DNA into the bloodstream that might be the
source of cfDNA in circulating blood. We reasoned that
developing a clinically convenient, noninvasive approach
utilizing cfDNA to effectively detect patients with T2D
with or without vascular complications would greatly im-
prove the clinical outcomes for these patients. For example,
for patients with T2D who are detected at an early stage of
vascular complications, various preventive treatments could
be used to control the development of severe clinical
outcomes.

Importantly, the 16-gene Detection Model 1
showed not only good performance in distinguishing pa-
tients with or without complications but also superiority
over commonly used clinical variables including diabetic
duration, BMI, and eGFR (Table 1–2). For example,
compared to the clinical sensitivity (0.70), clinical spec-
ificity (0.42), and overall accuracy (AUC � 0.53) of
eGFR (Table 1–2), an indicator for kidney function, the
16-gene panel for vascular complications showed signif-
icantly improved detection accuracy (testing set: AUC �
0.85; 95% CI, 0.73–0.96). Similarly, the 13-gene De-
tection Model 2 outperformed those clinical variables in
terms of detection accuracy for distinguishing patients
with single complications from those with multiple ones.
For example, CREA showed the highest AUC among the
tested clinical variables (testing set: AUC � 0.75; 95%
CI, 0.49–1.00; Table 2). In comparison, the AUC of the
13-gene panel was 0.84 (95% CI, 0.68–0.99; Table
1–2). Notably, when combining the weighted scores and
these clinical variables, the AUCs generally reflected the

detection accuracy of the weighted scores alone, suggest-
ing that the detection capacity of 5hmC marker panels
was independent of those clinical variables (Table 2).

To our knowledge, the 5hmC-Seal is the only
method available that allows highly sensitive mapping of
genome-wide 5hmC in limited cfDNA materials. Our
findings therefore not only revealed the detection capac-
ity of the 5hmC markers in cfDNA for vascular compli-
cations but also supported the potential biological mech-
anisms for the development of vascular complications in
patients with T2D. Specifically, pathway analysis of the
135 candidate marker genes with differentially modified
5hmC between patients with or without complications
suggested enrichment in IGF1R and IL-10 signaling
pathways (34, 35 ) (Fig. 4A), which are relevant to insulin
resistance and inflammation, a pathophysiological hall-
mark of T2D and a risk factor for developing vascular
complications (36 ). Insulin resistance induces multiple
pathologies in the cardiovascular system, including endo-
thelial dysfunction, acceleration of atherosclerosis, and
poor collateral vascular formation or angiogenesis (36 ).
Moreover, inflammation likely leads to T2D by causing
insulin resistance, which is in turn intensified in the con-
dition of hyperglycemia to induce diabetic complications
(37). Furthermore, the 5hmC marker genes for vascular
complications appeared to be functionally connected based
on the Reactome network analysis (Fig. 4B). Notably, ubiq-
uitin C, which was identified to be a hub gene among several
5hmC marker genes for vascular complications, is a highly
conserved 76 amino-acid protein that plays vital roles in a
remarkably diverse set of fundamental cellular processes.
Maintenance of sufficient cellular ubiquitin levels in re-
sponse to different metabolic conditions is critical for cellu-
lar function and survival (38).

There are limitations to our current study. First, al-
though we demonstrated that 5hmC profiling in cfDNA
had the potential to be an approach for distinguishing vas-
cular complications in a small size of patients with T2D,
more independent participants and validation in an inde-
pendent cohort of sample set are necessary to refine and
validate the marker panel. Second, our study design and
patient features did not allow us to predict when a patient
might develop related complications and establish the lead
time for detection. Future studies using a longitudinal study
design and series blood collection will be necessary to eval-
uate the predictive value of this approach for patients who
do not yet have complications (i.e., preclinical). Third, our
study was focused on Chinese patients, and thus, it was not
possible to explore racial or population disparities, which
would be an important research area for T2D, which is
known to exhibit substantial racial or population differences
in incidence rate and clinical outcomes.

In conclusion, taking advantage of our 5hmC-Seal
technique, we demonstrated that 5hmCs in patient-
derived cfDNA showed promise as a clinically conve-
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nient and noninvasive marker for T2D vascular compli-
cations, with the potential to complement other
conventional clinical variables or risk factors for disease
monitoring. Our findings warrant larger-scale studies us-
ing the 5hmC-Seal to further refine and validate the
5hmC markers for T2D-related vascular complications.
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