:' frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY

Solomon Tesfaye,

Sheffield Teaching Hospitals NHS
Foundation Trust, United Kingdom

REVIEWED BY

Monika Yadav,

All India Institute of Medical Sciences, India
Seyed Aria Nejadghaderi,

Tabriz University of Medical Sciences, Iran

Na An,

General Hospital of Beijing Jingmei Group,
China

*CORRESPONDENCE

Xiaohui Lin
datas@dlut.edu.cn

Hui Zhao
zhaohui@dmu.edu.cn

"These authors have contributed equally to
this work

RECEIVED 29 May 2023
ACCEPTED 26 September 2023
PUBLISHED 20 October 2023

CITATION
Wang C, Li Y, Wang J, Dong K, Li C,
Wang G, Lin X and Zhao H (2023)
Unsupervised cluster analysis of clinical
and metabolite characteristics in patients
with chronic complications of T2DM: an
observational study of real data.

Front. Endocrinol. 14:1230921.

doi: 10.3389/fendo.2023.1230921

COPYRIGHT

© 2023 Wang, Li, Wang, Dong, Li, Wang, Lin
and Zhao. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 20 October 2023
D01 10.3389/fendo.2023.1230921

Unsupervised cluster analysis of
clinical and metabolite
characteristics in patients

with chronic complications

of T2DM: an observational
study of real data

Cuicui Wang*?*, Yan Li*, Jun Wang?', Kunjie Dong*,
Chenxiang Li*, Guiyan Wang?, Xiaohui Lin*™ and Hui Zhao™

Department of Health Examination Center, The Second Affiliated Hospital of Dalian Medical
University, Dalian, China, 2Department of Gastroenterology, The 986th Hospital of Xijing Hospital, Air
Force Military Medical University, Xi'an, China, 3State Key Laboratory of Molecular Reaction Dynamics,
Dalian Institute of Chemical Physics, Chinese Academy of Science, Dalian, China, “School of
Computer Science & Technology, Dalian University of Technology, Dalian, China, School of
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Introduction: The aim of this study was to cluster patients with chronic
complications of type 2 diabetes mellitus (T2DM) by cluster analysis in Dalian,
China, and examine the variance in risk of different chronic complications and
metabolic levels among the various subclusters.

Methods: 2267 hospitalized patients were included in the K-means cluster
analysis based on 11 variables [Body Mass Index (BMI), Systolic Blood Pressure
(SBP), Diastolic Blood Pressure (DBP), Glucose, Triglycerides (TG), Total
Cholesterol (TC), Uric Acid (UA), microalbuminuria (mAlb), Insulin, Insulin
Sensitivity Index (ISI) and Homa Insulin-Resistance (Homa-IR)]. The risk of
various chronic complications of T2DM in different subclusters was analyzed
by multivariate logistic regression, and the Kruskal-Wallis H test and the Nemenyi
test examined the differences in metabolites among different subclusters.

Results: Four subclusters were identified by clustering analysis, and each
subcluster had significant features and was labeled with a different level of risk.
Cluster 1 contained 1112 inpatients (49.05%), labeled as “Low-Risk”; cluster 2
included 859 (37.89%) inpatients, the label characteristics as “Medium-Low-
Risk”; cluster 3 included 134 (5.91%) inpatients, labeled "Medium-Risk”; cluster 4
included 162 (7.15%) inpatients, and the label feature was "High-Risk".
Additionally, in different subclusters, the proportion of patients with multiple
chronic complications was different, and the risk of the same chronic
complication also had significant differences. Compared to the “"Low-Risk”
cluster, the other three clusters exhibit a higher risk of microangiopathy. After
additional adjustment for 20 covariates, the odds ratios (ORs) and 95%
confidence intervals (95%Cl) of the "Medium-Low-Risk” cluster, the "Medium-
Risk” cluster, and the"High-Risk" cluster are 1.369 (1.042, 1.799), 2.188 (1.496,
3.201), and 9.644 (5.851, 15.896) (all p<0.05). Representatively, the “High-Risk”
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cluster had the highest risk of DN [OR (95%Cl): 11.510(7.139,18.557), (p<0.05)] and
DR [OR (95%Cl): 3.917(2.526,6.075), (p<0.05)] after 20 variables adjusted. Four
metabolites with statistically significant distribution differences when compared
with other subclusters [Threonine (Thr), Tyrosine (Tyr), Glutaryl carnitine (C5DC),
and Butyryl carnitine (C4)].

Conclusion: Patients with chronic complications of T2DM had significant
clustering characteristics, and the risk of target organ damage in different
subclusters was significantly different, as were the levels of metabolites. Which
may become a new idea for the prevention and treatment of chronic

complications of T2DM.

KEYWORDS

T2DM, chronic complications, K-means, cluster analysis, metabolite

1 Introduction

Type 2 diabetes mellitus (T2DM) is a highly prevalent
endocrine and metabolic disease worldwide (1), which causes a
variety of chronic complications such as cardiovascular disease
(CVD), non-alcoholic fatty liver disease (NAFLD), renal disease,
diabetic neuropathies, amputation, blindness, mortality, some brain
lesions and so on (2-5). T2DM and its chronic complications bring
a huge burden to the global medical and economy (6, 7).
Meanwhile, chronic complications of T2DM are the leading
causes of CVD, blindness, end-stage renal disease, and high
mortality in China (7-9). Currently, experts divide the chronic
complications of T2DM into microvascular complications,
atherosclerotic cardiovascular disease (ASCVD), nervous system
complications (NSC), diabetic foot (DF), and others (eye, oral
cavity, skin lesions, etc.) (10), to facilitate clinical diagnosis and
classification of complications. Unfortunately, the current
classification measure mainly based on the location of target
organs of lesion damage cannot effectively reduce the occurrence
of chronic complications of T2DM or slow down their progress,
because this classification method fails to take into account the
pathology, mechanisms, and associated risk factors of various
chronic complications. Another not-so-optimistic situation is that
most patients with T2DM often develop multiple chronic
complications at the same time, which greatly increases the
difficulty of treatment for clinicians. Therefore, we need a more
accurate division way to differentiate the T2DM patients with
chronic complications, it could help doctors to clearly stratify
these patients based on their clinical characteristics, the most
important of all, to give effective intervention targeting the
distinguished risk factors of different hierarchical patients.

Recently, cluster analysis based on clinical features has played
an important role in clinical treatment strategies and disease
management in many diseases. Ahlqvist E et al. performed a
cluster analysis of 8980 patients with adult-onset diabetes based
on 6 variables (glutamate decarboxylase antibodies, age at diagnosis,
BMI, HbA1c, homoeostatic model assessment 2 estimates of B-cell
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function, and insulin resistance), and identified 5 replicable clusters
(11). They found that different clusters of diabetic patients had
significantly different characteristics and risks of diabetes
complications, which helps the implementation of precision
medicine for diabetes and its complications (11). Meanwhile, they
confirmed their results in 3 independent cohorts. Subsequently,
more studies reproduced the results of cluster analysis in multiple
regions, including China (12, 13). Furthermore, based on this
method, some researchers conducted cluster analysis on patients
with T2DM, and compared the differences in clinical
characteristics, disease progression, treatment response, and
complication status of different subgroups, providing a basis for
the new strategy for treatment of T2DM (14, 15). Similarly, this
method of cluster analysis has also obtained meaningful results in
the subgroup classification of diseases such as metabolic-associated
fatty liver disease (MAFLD) (16), idiopathic pulmonary fibrosis
(IPF) (17), ASCVD (18), bronchiectasis (19), and so on.
Furthermore, these results have innovative implications for the
early diagnosis of diseases, precise grouping, determining the
severity of diseases, and providing optimization of clinical care.

In addition, several studies have explored the potential impact
of serum metabolite levels on the development of T2DM and its
complications. In 2022, an Updated Systematic Review and Meta-
analysis of Prospective Cohort Studies investigated the relationship
between metabolomics and the risk of T2DM, the findings revealed
significant associations between certain metabolites and the risk of
developing type 2 diabetes (20). Recently, according to the study
conducted by Wang S et al., there is a positive correlation between a
range of amino acids and serum carnitine with T2DM (21). And
these studies have identified the related biomarkers, such as
branched-chain amino acids, metabolites of phenylalanine,
metabolites involved in energy metabolism and lipid metabolism,
thereby improved the prevention and treatment of T2DM and its
complications (22).

This observational study included the real data of hospitalized
patients with chronic complications of T2DM. We aimed to identify
characteristic clusters of inpatients with chronic complications of
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T2DM by K-means clustering based on common clinical variables.
We also sought to further analyze the risk of associated chronic
complications in each cluster and to compare the differences in
metabolite levels among the clusters.

2 Materials and methods
2.1 Study population

This observational study included patients hospitalized at the
Department of Endocrinology, The Second Affiliated Hospital of
Dalian Medical University from January 2018 to October 2020. The
data were retrieved and collected anonymously through the Yidu
Cloud data management platform, mainly including hospitalization
measurement indicators, laboratory testing indicators, and
diagnostic information on the homepage of discharged medical
records. This study was approved by the Ethics Committee of the
Second Affiliated Hospital of Dalian Medical University. In this
observational study, written informed consent was waived since
there was no clinical intervention or treatment involved.

A total of 8 186 hospitalized patients were retrieved. First, we
carefully checked all the information of 8186 inpatients, and found
that there were serious deviations in the information of 14 patients,
who were excluded. Then, non-type 2 diabetic patients, patients
with acute and infectious complications, patients with incomplete
data, patients with outliers (Outliers are defined as five standard
deviations above the mean), and patients without chronic
complications were gradually excluded, and the specific process is
shown in Figure 1.

2.2 Measurements

The gender and age of hospitalized patients were entered into
the medical system based on personal ID cards when registering
for admission. Height, Weight, waist circumference (WC),
systolic blood pressure (SBP), and diastolic blood pressure
(DBP) were measured by professional medical staff after
admission. Body mass index (BMI) was calculated by the
formula: BMI:weight/height2 (Kg/mz). All patients were
required to fast for at least 8 hours on the first night after
admission. The blood samples were collected by professional
nurses on the morning of the second day after admission. The
inspection items were mainly completed in a special department,
and the same items were completed with the same reagents and
instruments. The research mainly included liver biochemical
indicators[y-glutamyl transpeptidase (y-GGT), aspartate
transaminase (AST), alanine aminotransferase (ALT)], renal
function [Creatinine (Cr), Urea (Ur), uric acid (UA)], fasting
blood glucose (Glucose), blood lipid[triglycerides (TG), total
cholesterol (TC), low-density lipoprotein-cholesterol (LDL-C),
high-density lipoprotein (HDL-C)], fasting insulin, vitamin D
(25-(OH)-D), urine creatinine (Cr-urine), urine microalbumin
(mAlb-urine) and serum metabolites (see Supplementary
Material 1 for details). Insulin sensitivity index, ISI=1/[fasting
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with T2DM with chronic
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FIGURE 1
Selecting process for hospitalized patients with chronic
complications of T2DM.

blood glucose (mmol/L) x fasting insulin (mU/L)] (23).
Homeostatic model assessment (HOMA) insulin resistance,
HOMA-IR=([fasting insulin (WU/ml) x fasting blood glucose
(mmol/L)]/22.5 (24). Estimated glomerular filtration rate,
eGFR=142 x min(Serum creatinine/kappa, 1)**"* x max(Serum
creatinine/kappa, 1) x 0.9938%8 x SexFactor (calculation
details and variables: For females, the following values are used:
SexFactor = 1.012; alpha = -0.241; kappa = 0.7; For males, the
following values are used: SexFactor =1; alpha = -0.302; kappa =
0.9) (25).

2.3 Definitions

The diagnosis for all inpatients with T2DM was diagnosed by
endocrinologists according to the diagnostic criteria proposed by
World Health Organization (WHO) Diabetes Expert Committee in
1999 (26). Microangiopathy mainly includes diabetic nephropathy
(DN) and diabetic retinopathy (DR). DN was defined as follows:
GFR<60 ml/min/1.73 m* and/or urinary albumin to creatinine ratio
(UACR) = 30 mg/g after excluding renal diseases caused by other
lesions, which has not returned to normal for more than 3 months
(27). DR was diagnosed by a professional ophthalmologist after a
fundoscopy. Atherosclerotic cardiovascular disease (ASCVD)
mainly included atherosclerosis in the aorta, coronary arteries,
cerebral arteries, renal arteries, and limb arteries, and were mainly
diagnosed by arterial ultrasound, arterial computed tomography
angiography (CTA) examination, or coronary angiography, and
confirmed by a professional physician. Nervous system
complications (NSC) were diagnosed after a professional
endocrinologist or professor evaluates the patient’s clinical
symptoms and completes the nerve conduction velocity test.
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Diabetic foot (DF) was diagnosed by clinicians based on clinical
symptoms and damage of limb tissues after excluding other lesions.

2.4 Cluster analysis

After obtaining the complete data of all hospitalized patients, we
selected 11 continuous variables, namely: BMI (kg/m2), SBP
(mmHg), DBP (mmHg), Glucose (mmol/L), TG (mmol/L), TC
(mmol/L), UA, mAlb, Insulin, IST and Homa-IR for cluster analysis.
The clustering analysis (k-means) is implemented using Python.
For the 11 variables screened, min-max normalization was first
performed. Then, selecting the optimal number of clusters
according to the Silhouette Score (Supplementary Material 2). All
these variables were the main risk factors for the development of
chronic complications of T2DM, and we further named each cluster
based on the entirely different characteristics about these variables.

2.5 Statistical analysis

Statistical analysis was performed using R Studio, version 4.0.3.
Continuous variables conforming to normal distribution were
expressed as the mean + standard deviation (M + SD) after the
normality test, and continuous variables with non-normal
distribution were expressed as the median and interquartile range

10.3389/fendo.2023.1230921

(Median, IQR). Binary categorical variables were expressed as
frequencies and percentages. Logistic regression analysis was used
to calculate ORs for the occurrence of chronic complications in
different sub-clusters. The Kruskal-Wallis H test was used to
analyze the differences in metabolite levels of each cluster. The
Nemenyi test was used to compare the differences of metabolites in
each cluster pairwise. p<0.05 was statistically significant.

3 Results
3.1 Study population and cluster analysis

In this study, a total of 2 267 hospitalized patients were included
for the data analysis, with a median age of 63 years, including 1 230
males (about 54.26%) and 1 037 females (about 45.74%). According
to cluster analysis based on 11 clinical variables including BMI, SBP,
DBP, Glucose, TG, TC, UA, mAlb (urine), Insulin, ISI, and Homa-
IR, all inpatients were divided into four clusters, each cluster has
distinct characteristics. The other detailed clustering process and
evaluation indicators are in Supplementary Material 2. The general
situation and clinical status of all inpatients and ones in each cluster
are shown in Table 1. Cluster 1 was the “Low-Risk”, contained 1112
inpatients (49.05%), characterized by acceptable blood sugar
control, good purine, and lipid metabolism (with the lowest
glucose, UA, TG, TC, and LDL-C, as well as the highest HDL-C

TABLE 1 Basic characteristics of inpatients with chronic complications of T2DM in allocated clusters.

Variables = ALL(N=2267) Low-Risk Medium-Low-Risk Medium-Risk
(N=1112) (N=859) (N=134)
Gender
Female 1037(45.74%) 501(45.05%) 403(46.92%) 74(55.22%) 59(36.42%)
Male 1230(54.26%) 611(54.95%) 456(53.08%) 60(44.78%) 103(63.58%)
Drink 534(23.56%) 261(23.40%) 214(24.90%) 22(16.40%) 37(22.80%)
Smoke 632(27.88%) 314(28.20%) 235(27.30%) 28(20.80%) 55(33.90%)
Age 63(56,70) 63(56,70) 64(56,71) 63(56,70.25) 62(54,70)
Height 167(160,173) 167(160,173) 166(160,173) 167(160,172.25) 170(160,176)
Weight 71(64,80) 70(62,78) 74(66,83) 75(64.75,80.25) 75(66,89)
wcC 93(86,100) 91(85,97) 95(88,100) 95(89,100) 97(89,105)
BMI 25.70(23.70,28.00) 24.80(23.10,26.80) 26.7(24.40,28.90) 26.6(24.73,28.20) 26.95(24.58,29.30)
SBP 144(131,156) 133(123,141) 157(148,173) 143.5(133,155.50) 154(142,172)
DBP 80(73,89) 75.5(70,81) 88(81,95) 80(72,87.5) 87(78.75,95.25)
¥-GGT 21.79(15.42,33.76) 19.26(14.21,30.07) 23.95(17.08,37.14) 23.16(17.06,34.54) 24.34(17.23,37.83)
AST 19.64(16.23,24.3) 19.58(16.06,23.59) 19.83(16.39,25.37) 19.65(16.64,25.29) 19.52(15.98,24.39)
ALT 21.45(15.95,30.56) 20.92(15.66,28.75) 22.56(16.56,33.32) 24.66(17.48,32.68) 18.98(14.52,26.66)
Glucose 8.61(6.76,11.28) 7.89(6.22,10.18) 9.47(7.55,12.02) 10.625(7.59,13.90) 9.495(7.24,12.24)
TG 1.56(1.11,2.28) 1.405(1.01,1.96) 1.74(1.23,2.53) 1.69(1.19,2.60) 1.9(1.39,3.07)
TC 4.92(4.12,5.64) 4.74(3.96,5.38) 5.13(4.35,5.82) 4.92(4.23,5.72) 5.44(4.48,6.43)
(Continued)
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Variables = ALL(N=2267) Low-Risk Medium-Low-Risk Medium-Risk High-Risk
(N=1112) (N=859) (N=134) (N=162)
LDL-C 2.59(1.99,3.12) 2.48(1.9,2.98) 2.71(2.08,3.22) 2.61(1.92,3.255) 2.79(2.11,3.54)
HDL-C 1.16(0.99,1.37) 1.17(0.99,1.39) 1.16(0.99,1.37) 1.1(0.98,1.32) 1.13(0.94,1.33)
Crea 61.34(51.03,73.56) 60.71(50.74,71.69) 60.68(50.83,73.05) 60.75(47.93,73.19) 78.79(60.60,102.58)
Urea 5.78(4.91,6.88) 5.63(4.87,6.76) 5.75(4.89,6.80) 5.75(4.86,6.66) 6.905(5.62,8.74)
eGFR 100.50(91.89,107.42) 101.05(93.94,107.89) 100.10(92.07,107.41) 101.32(90.86,107.61) 88.47(65.34,105.59)
UA J24.44 313.83(260.63,372.38) 330.73(277.05,397.27) 322.15(258.67,392.11) 391.76(325.31,467.37)
(270.26,388.57)
25(0H)D 17.88(13.25,23.05) 18.41(14.00,23.69) 17.55(12.76,22.55) 17.59(13.08,22.01) 15.64(11.38,21.79)
Insulin 10.91(6.77,17.3) 9.04(5.89,13.91) 11.46(7.12,16.81) 50.8(38.66,66.62) 14.60(9.97,21.04)
ISI 0.01(0.01,0.01) 0.0136(0.0087,0.0220) 0.0093(0.0062,0.0148) 0.0021(0.0014,0.0027) 0.0081(0.0047,0.0126)
HOMA-IR 4.12(2.53,7.01) 3.26(2.02,5.09) 4.77(3.00,7.20) 21.36(16.60,32.05) 5.46(3.53,9.54)
Cr-urine 8637.23 8678.75 8653.67 8112.50 8537.11
(5642.40,12452.00) (5761.21,12850.01) (5622.38,12253.14) (5298.26,11524.25) (4700.38,11887.14)
mAlb-urine | 22.82(12.24,60.21) 18.125(9.66,32.27) 25.91(14.08,61.38) 27.81(15.41,58.92) 621.42(472.10,772.55)
Mic 949(41.86%) 367(33.00%) 373(43.42%) 72(53.73%) 137(84.57%)
DN 691(30.48%) 237(21.31%) 272(31.67%) 51(38.06%) 131(80.86%)
DR 499(22.01%) 200(17.99%) 188(21.89%) 40(29.85%) 71(43.83%)
ASCVD 1859(82.00%) 893(80.31%) 734(85.45%) 95(70.90%) 137(84.57%)
NSC 1744(76.93%) 873(78.51%) 641(74.62%) 107(79.85%) 123(75.93%)
DF 14(0.62%) 7(0.63%) 3(0.35%) 1(0.75%) 3(1.85%)

levels among the four clusters), low insulin secretion, high
sensitivity, mildest insulin resistance (with the lowest Insulin, the
highest ISI, and the lowest Insulin). Cluster 2 was “Medium-Low-
Risk”, included 859 inpatients (accounting for 37.89%),
characterized by poor blood sugar control (average
level<10mmol/L), the highest blood pressure level, and insulin
secretion and sensitivity were relatively good, but insulin
resistance level was low. Cluster 3 was “Medium-Risk”, included
134 inpatients (accounting for 5.91%), characterized by the worst
blood sugar control, the insulin sensitivity was the worst, and the
degree of insulin resistance (IR) was also the most serious among
the four groups. Cluster 4 was “High-Risk”, included 162 inpatients
(accounting for 7.15%), characterized by the highest BMI, the worst
lipid metabolism and purine metabolism, and extreme urine
microalbumin levels elevated (with the highest TG, TC, LDL-C,
UA, and mAlb-urine among four groups). Figure 2 shows the mean
levels of 11 variables in each cluster.

3.2 Prevalence of chronic complications
in each cluster

Furthermore, to explore the occurrence of chronic

complications in each cluster, we counted the incidence of three
types of more frequently occurring chronic complications

Frontiers in Endocrinology

(Microangiopathy, ASCVD, and NSC) in all patients. The
proportions of these chronic complications were different in each
cluster. For the co-incidence rate of three chronic complications,
232 (20.86%) in the Low-Risk cluster (cluster 1), 251 (29.22%), and
46 (34.33%) in the Medium-Low-Risk cluster (cluster 2) and
Medium-Risk cluster (cluster 3) separately. Most seriously, 90
(55.56%) in the High-Risk cluster (cluster 4) had three chronic
complications (Figure 3).

3.3 The risk for chronic complications
in each cluster

Here we further illustrated the risk trends for various chronic
complications in each cluster by logistic regression analysis
(Figure 4). As shown in Figure 4A, in model 1, the risk of
microangiopathy in the Medium-Low-Risk cluster (cluster 2), the
Medium-Risk cluster (cluster 3), and the High-Risk cluster (cluster
4) was higher than the Low-Risk cluster (cluster 1) (ORs>1, p<0.05).
Significant high trends were also observed for all three clusters after
20 variables (Gender, Drink, Smoke, Age, WC, BMI, SBP, DBP, TG,
TC, LDL-C, HDL-C, y-GGT, AST, ALT, eGFR, UA, Crea, 25(0OH)
D) were adjusted in model 2. For the risk of ASCVD, the Medium-
Low-Risk (Cluster 2) was associated with high risk compared with
the Low-Risk cluster (cluster 1) [OR(95%CI):1.440(1.132,1.831),
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The mean levels of 11 variables in four clusters. (Cluster 1: the Low-Risk cluster; Cluster 2: the Medium-Low-Risk cluster; Cluster 3: the Medium-Risk
cluster; Cluster 4: the High-Risk cluster. The horizontal axis represents four different clusters, and the left vertical axis represents the levels of the

variable).

p=0.003]. However, after adjusting for potential confounders, this
association was relatively low [OR(95%CI):1.059(0.734,1.527),
p=0.76]. It is worth mentioning that the Medium-Risk cluster
(cluster 3) has a significant reduction of the ASCVD risk [OR
(95%CI):0.597(0.400,0.892), p=0.012] (Figure 4B). Similarly, this
result was observed in model 2 [OR(95%CI): 0.526 (0.332,0.834),
p=0.006]. Compared with the Low-Risk cluster (cluster 1), a
significant reduction of the NSC risk was observed only in the
Medium-Low-Risk (Cluster 2) in model 1{OR(95%CI):0.805
(0.653,0.993), p=0.043] (Figure 4C). In addition, no significant
difference was observed in all models for the risk of DF
(Figure 4D). More detailed results are shown in Supplementary
Table 3-1.

Considering the significant high risk of microangiopathy was
observed in the other three clusters as compared to the Low-Risk
cluster. In addition, we further explored the risk for DN and DR
(the two most elements in microangiopathy) in each cluster
(Figure 5) and Supplementary Table 3-2. When Compared with
the Low-Risk cluster (cluster 1), the OR(95%CI) of DN in the
Medium-Low-Risk cluster (cluster 2), the Medium-Risk cluster
(cluster 3), and the High-Risk cluster (cluster 4) were: 1.711
(1.396,2.096), 2.269(1.556,3.308), and 15.602(10.282,23.673) (all
p<0.05), respectively. The associations remained statistically
significant after further adjusting in model 2 (all p<0.05)

Frontiers in Endocrinology

(Figure 5A). We also noted that the Medium-Low-Risk cluster
(cluster 2), the Medium-Risk cluster (cluster 3), and the High-Risk
cluster (cluster 4) had more DR risk, the OR(95%CI) were 1.278
(1.023,1.596), 1.940(1.300,2.896), and 3.558(2.517,5.029) (all
p<0.05). These associations were consistent after multivariable
adjustment in model 2 (Figure 5B).

3.4 Comparison of metabolite
profile in each cluster

Previous research has demonstrated that alterations in
metabolites and metabolic pathways play a significant role in the
onset of diabetes and its associated complications (20). Here, in
order to investigate the variations of metabolites in distinct clusters,
the Kruskal-Wallis H test was analyzed. The results showed 24
metabolites with statistically significant distribution differences
among the clusters (Table 2).

To further clarified the specific metabolites in every cluster, we
used each cluster as the reference and compared the other clusters
with this one. For the Low-Risk cluster (cluster 1), only one
metabolite had a significant difference with the other three
clusters, that was Thr, significantly high in cluster 1 (Figure 6A).
For the High-Risk cluster (cluster 4), Glutaryl carnitine and
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FIGURE 3

The number of chronic complications of T2DM in each cluster. (MIC, Microangiopathy; ASCVD, Atherosclerotic cardiovascular disease; NSC,

Nervous system complications).

Butylcarnitine were higher and Tyr was lower than the other three
clusters (all p<0.05) (Figures 6B-D). However, for the Medium-
Low-Risk cluster (Cluster 2) and the Medium-Risk cluster (Cluster
3), there was no metabolites that had a significant difference
compared with the other three clusters.

4 Discussion

The K-means method is a traditional and relatively simple
machine learning method (28). It had been used for iterative
subspace projection and clustering, consensus clustering (29),
disease phenotype recognition (11, 16), and the results hold
significant value in the clinical progression study of the disease.
In this retrospective real data study, 4 clusters of patients with
chronic complications of T2DM were divided using K-means
cluster analysis based on 11 common clinical variables. Each
cluster showed substantially different phenotypes in clinical
patterns and the risks of microangiopathy, ASCVD, and NSC
were significantly differential enriched in each cluster. In the
current analysis, we also found distinct metabolic characteristics
and specific metabolites in each cluster.

Cluster analysis based on clinical features is of great value in
disease subtype decision-making. Several published studies in
recent years have tried to phenotype T2DM patients. These
studies proved novel hierarchical clusters of T2DM patients could
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express significant differences including clinical characteristics,
disease progression, complications, and treatment responses (14,
15, 30). To the best of our knowledge, limited studies focused on
T2DM patients with chronic complications. In this current study,
we stratified T2DM patients with chronic complications into 4
distinct clusters based on clinical data: the Low-Risk cluster, the
Medium-Low-Risk cluster, the Medium-Risk cluster, and the High-
Risk cluster. The four clusters showed different risks of the
accumulation of chronic complications for T2DM patients, the
High-Risk cluster had 55.55% of the patients with comorbidity of
three chronic complications. Moreover, patients in the High-Risk
cluster had more risk to have microangiopathy (OR:9.644, p<0.001,
after adjusting for 20 covariates), especially for DR (OR:15.602,
p<0.001, after adjusting for 20 covariates). That means patients in
the High-Risk cluster need to pay more attention to preventing the
occurrence of multiple complications of T2DM.

What is special is that, compared with the Low-Risk cluster, the
ASCVD risk of the Middle-Low-Risk cluster was higher (OR:1.440,
p=0.003, no variables were adjusted), and it was also relatively high
in the High-Risk cluster (OR >1, although p<0.05, regardless of
adjustment for covariates), but the Medium-Risk cluster shows a
lower ASCVD risk (OR:0.526, p=0.006, after adjusting for 20
covariates). Tracing back to the variable characteristics of each
cluster in Table 2, it was found that the corresponding levels of SBP
and DBP in the Middle-Low-Risk cluster and High-Risk cluster
were higher, and also showed relatively higher ASCVD risk values;
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Logistic regression models analyzed the risk for chronic complications in each cluster. (A) for Microangiopathy; (B) for ASCVD (Atherosclerotic
cardiovascular disease); (C) for NSC (Nervous system complications); (D) for DF (Diabetic foot); (Notes: Model 1: no variables were adjusted; Model
2: adjusted Gender, Drink, Smoke, Age, Weight, WC, BMI, SBP, DBP, TG, TC, LDL-C, HDL-C, y-GGT, AST, ALT, eGFR, UA, Crea, 25(OH)D).

while the blood pressure control level of patients in the Middle-Risk
cluster was slightly better than the former two clusters, meanwhile,
the middle-risk group showed a lower risk of ASCVD, regardless of
model 1 or model 2, with a p-value of less than 0.05. This result
reflects that the risk of ASCVD in patients may be closely related to
blood pressure levels. Previous studies have also suggested that
blood pressure is one of the risk factors for ASCVD in patients with
T2DM (31), and a meta-analysis also found that antihypertensive
treatment reduces the risk of CVD events in patients with T2DM
(32). Stefano Ciardullo et al. also found that the seasonal change of
SBP is the main factor leading to the seasonal variation of ASCVD
risk score in patients with T2DM (33).

It was also found that patients in the Medium-Low-Risk cluster
had a lower risk of developing NSC (OR=0.805, p=0.043), but this
trend lost statistical significance after adjusting for 20 covariates.
This may be related to the joint effect of multiple NSC risk factors in
the pathogenic process. Xiuxiu Liu et al. pointed out that the risk
factors for diabetic peripheral neuropathy (DPN) are: the duration
of diabetes, age, glycosylated hemoglobin Alc(HbA1c), and DR, but
BMI, smoking, total triglyceride (TG), and total cholesterol (TC)
did not increase the risk of DPN (34). The study on the risk factors
of DPN in young patients with diabetes found that risk factors for

| Model1 OR(95%CI) P
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'
'
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FIGURE 5

DPN in youth with type 1 diabetes were older age, longer diabetes
duration, smoking, increased DBP, obesity, increased LDL-C and
triglycerides (TG), and lower HDL-C. While in youth with T2DM,
risk factors were older age, male sex, longer diabetes duration,
smoking, and lower HDL-C (35). In addition, an observational
study of childhood and adolescents with diabetes found that people
with T2DM were more likely to develop DPN than those with type 1
diabetes (36). Overall, the pathogenesis and core pathogenic factors
of neurological complications of type 2 diabetes still need to be
further studied.

In the metabolite analysis of the 4 clusters, we found that 24
metabolites had statistically significant differences among the
clusters, and screened out metabolites with typical characteristics
in some clusters. Glutaryl carnitine and Butylcarnitine increased
while Tyr decreased in the High-Risk cluster, and Thr increased in
the Low-Risk cluster. These findings will provide new possibilities
for risk intervention targeting metabolite levels in patients with
chronic complications of T2DM. These characteristic metabolites
can be used as biomarkers for the screening, diagnosis, and
prediction of chronic complications of T2DM, which will help to
understand the metabolic information and metabolic pathways of
chronic complications of T2DM and explore the possible
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Logistic regression models analyzed the association of (A) DN (diabetic nephropathy) and (B) DR (diabetic retinopathy) with each cluster.(Notes:
Model 1: no variables were adjusted; Model 2: adjusted Gender, Drink, Smoke, Age, Weight, WC, BMI, SBP, DBP, TG, TC, LDL-C, HDL-C, y-GGT, AST,

ALT, eGFR, UA, Crea, 25(0OH)D).
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TABLE 2 The specific differences of metabolites among 4 clusters.

10.3389/fendo.2023.1230921

Variables Low-Risk Medium-Low-Risk Medium-Risk High-Risk

Ala 184.625(141.138,225.678) 188.670(147.960,229.910) 181.600(154.918,238.960) 176.705(133.135,218.523) 0.023
Arg 3.265(2.073,4.738) 2.940(1.920,4.590) 2.785(1.645,4.145) 3.365(2.240,5.368) 0.001
Asp 27.425(19.725,35.898) 25.670(18.430,33.970) 26.515(18.850,34.685) 27.785(21.183,35.863) 0.014
Cit 21.755(16.493,27.810) 21.810(16.930,27.160) 22.225(17.393,28.113) 24.045(18.315,30.448) 0.006
Cys 295.970(266.348,330.780) 312.130(280.990,346.030) 304.175(263.718,340.828) 321.265(290.273,370.673) <0.001
Met 14.990(12.460,17.650) 14.670(12.460,17.170) 15.070(13.128,18.255) 13.950(11.728,16.563) 0.015
Phe 14.155(10.470,19.885) 13.300(9.730,18.340) 13.480(10.113,18.290) 14.130(10.520,19.195) 0.014
Pip 202.395(140.013,275.530) 182.390(129.910,244.420) 178.515(132.613,222.075) 183.755(128.178,245.068) <0.001
Thr 25.915(20.733,32.350) 24.510(19.740,30.680) 24.160(20.178,28.895) 23.825(19.615,29.700) <0.001
Tyr 50.785(39.688,62.740) 50.440(40.560,62.360) 52.360(41.103,65.030) 42.980(34.880,54.573) <0.001
Val 145.335(123.813,169.685) 149.770(127.520,175.270) 155.865(129.628,178.603) 143.850(119.735,168.465) 0.002
C2 11.740(8.893,15.018) 11.660(9.230,14.730) 11.160(8.008,14.600) 12.740(10.023,15.818) 0.035
c3 1.470(1.090,1.968) 1.540(1.140,2.070) 1.630(1.158,2.040) 1.605(1.093,2.243) 0.024
c4 0.180(0.130,0.230) 0.180(0.140,0.240) 0.170(0.130,0.243) 0.200(0.160,0.280) <0.001
C4:0-OH 0.050(0.040,0.070) 0.050(0.040,0.070) 0.050(0.040,0.080) 0.060(0.040,0.090) 0.011
cs 0.110(0.080,0.140) 0.110(0.090,0.150) 0.110(0.090,0.150) 0.130(0.090,0.160) 0.001
C5DC 0.070(0.050,0.100) 0.070(0.040,0.110) 0.065(0.040,0.100) 0.090(0.050,0.120) 0.003
Cé 0.070(0.050,0.090) 0.070(0.060,0.100) 0.070(0.050,0.090) 0.080(0.060,0.100) 0.001
C6DC 0.340(0.210,0.510) 0.350(0.230,0.530) 0.330(0.220,0.533) 0.400(0.260,0.580) 0.022
C50H 0.200(0.150,0.270) 0.220(0.160,0.290) 0.230(0.160,0.313) 0.230(0.170,0.310) <0.001
Cl4 0.060(0.040,0.090) 0.070(0.050,0.090) 0.060(0.040,0.080) 0.070(0.050,0.100) 0.011
C16 0.830(0.660,1.050) 0.880(0.680,1.110) 0.870(0.760,1.113) 0.930(0.730,1.173) <0.001
c18 0.490(0.380,0.620) 0.490(0.380,0.600) 0.550(0.415,0.653) 0.545(0.408,0.653) 0.003
C26 0.030(0.020,0.040) 0.030(0.020,0.040) 0.030(0.020,0.040) 0.030(0.020,0.040) 0.037

Ala, Alanine; Arg, Arginine; Asp, Aspartate; Cit, Citrulline; Cys, Cysteine; Met, Methionine; Phe, Phenylalanine; Pip, Piperamide; Thr, Threonine; Tyr, Tyrosine; Val, Valine; C2:Acetyl-carnitine;
C3:Propionyl-carnitine; C4:Butyryl-carnitine; C4:0-OH, Hydroxybutyryl-carnitine; C5:Isovaleryl-carnitine; C5DC, Glutaryl-carnitine; C6:Hexanoyl-carnitine; C6DC, Adipyl carnitine; C50H,
Hydroxyisovaleryl-carnitine; C14:Myristoyl-carnitine; C16:Palmitoyl-carnitine; C18:Octadecanoyl-carnitine; C26:26-carboacyl carnitine.

mechanisms of complications, thus providing possible targets for its
treatment (22). For example, J Ricardo Lucio-Gutiérrez et al. used
partial least squares analysis (PLS-DA) to obtain the PLS-DA model
for distinguishing type 2 diabetic nephropathy based on urinary
metabolites, and it was well validated (37). This provides a new
diagnostic option for the diagnosis of asymptomatic DN in patients
with T2DM.

In the correlation analysis of characteristic metabolites and
chronic complications, we found that Thr was negatively correlated
with microangiopathy(especially DN), but positively correlated
with ASCVD. And Tyr was negatively correlated with
microangiopathy (regardless of DN or DR) and NSC. Both
Butylcarnitine and Glutaryl carnitine were positively associated
with ASCVD risk. Cornelia G Bala et al. found that the
disruption of the tyrosine biosynthesis pathway might be
disrupted related to the high oxidative stress response in patients
with type 2 diabetes (38). Oxidative stress is a key pathogenic factor
in diabetic complications and can lead to the development of
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microangiopathy and ASCVD (39, 40). Changes in metabolite
levels may reflect the occurrence of multiple pathogenic
mechanisms. Therefore, further research on the underlying
mechanisms involved in changes in other metabolites is
particularly important for the study of disease progression. And
thereby reducing the huge disease burden of diabetes (41).

Our study is based on real data of hospitalized patients without
any missing values, which can better reflect the practical situation of
patients with chronic complications of T2DM. With a relatively ideal
amount of data and a balanced male-to-female ratio, the cluster
analysis obtained the cluster characteristics of patients with a high
risk of chronic complications of T2DM. The relationship between
metabolic changes and chronic complications was analyzed from the
level of metabolites, which provides new ideas and targets for the
prevention and treatment of chronic complications of T2DM and is
helpful for the precise treatment of chronic complications of T2DM.
However, our study also has certain limitations. It is a single-center
study, which only includes patients from Dalian, Northeast China,
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and has not yet included subjects from other countries and regions.
At the same time, this study was also retrospective and failed to
observe the progression of chronic complications in each subcluster.
In order to extend our research and comprehensively promote the
guiding significance of our research results to clinical decision-
making, it is very necessary to carry out corresponding prospective
follow-up research and observe the treatment response. In the future,
we will continue to improve this part of the research to enhance its
value of the research.

5 Conclusions

The complication status of patients with chronic complications
of T2DM has obvious cluster characteristics, and the performance
of different target organ damage risks is not completely consistent.
However, the current classification of complications has not
considered the impact of these pathogenic risk factors on the
occurrence of complications. The clustering results of this study
reflect the clustering characteristics of different risk levels of target
organ damage and the clustering characteristics of multiple
complications. Different clusters also had significant differences in

Frontiers in Endocrinology

the levels of most metabolites, which helps to explore the potential
role of the pathogenic mechanism of metabolic pathway alterations
in the progression of complications. This will provide novel
decision support for the prevention and treatment of chronic
complications of T2DM.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Second Affiliated Hospital of Dalian Medical
University. The studies were conducted in accordance with the local
legislation and institutional requirements. Written informed
consent for participation was not required from the participants
or the participants’ legal guardians/next of kin in accordance with
the national legislation and institutional requirements.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1230921
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

Author contributions

CW, YL, KD and CL performed data analysis, interpretation
and manuscript writing. CW, HZ and JW supervised the data
collection and research collaboration. CW, CL, GW, HZ and XL
participated in data collection and literature search. HZ, CW and
XL designed the experiment and supervised the overall progress. All
authors contributed to the article and approved the
submitted version.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the United Fund of the Second Hospital of Dalian
Medical University and Dalian Institute of Chemical Physics,
Chinese Academy of Sciences (UF-ZD-202011); Project of
Education Department of Liaoning Province (LZ2020009) and
Liaoning Provincial Natural Science Foundation (2023-MS-272).

Acknowledgments

The authors thank the staff in the Department of
Endocrinology, The Second Affiliated Hospital of Dalian Medical

References

1. Chatterjee S, Khunti K, Davies MJ. Type 2 diabetes. Lancet (2017) 389
(10085):2239-51. doi: 10.1016/S0140-6736(17)30058-2

2. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabetes
mellitus and its complications. Nat Rev Endocrinol (2018) 14(2):88-98. doi: 10.1038/
nrendo.2017.151

3. Leasher JL, Bourne RR, Flaxman SR, Jonas JB, Keeffe J, Naidoo K. Global
estimates on the number of people blind or visually impaired by diabetic
retinopathy: A meta-analysis from 1990 to 2010. Diabetes Care (2016) 39(9):1643-9.
doi: 10.2337/dc15-2171

4. Magliano DJ, Sacre JW, Harding JL, Gregg EW, Zimmet PZ, Shaw JE. Young-
onset type 2 diabetes mellitus - implications for morbidity and mortality. Nat Rev
Endocrinol (2020) 16(6):321-31. doi: 10.1038/s41574-020-0334-z

5. van Sloten TT, Sedaghat S, Carnethon MR, Launer L], Stehouwer CDA. Cerebral
microvascular complications of type 2 diabetes: stroke, cognitive dysfunction, and depression.
Lancet Diabetes Endocrinol (2020) 8(4):325-36. doi: 10.1016/52213-8587(19)30405-X

6. Safiri S, Karamzad N, Kaufman JS, Bell AW, Nejadghaderi SA, Sullman MJM.
Prevalence, deaths and disability-adjusted-life-years (DALYs) due to type 2 diabetes
and its attributable risk factors in 204 countries and territories, 1990-2019: results from
the global burden of disease study 2019. Front Endocrinol (Lausanne) (2022) 13:838027.
doi: 10.3389/fend0.2022.838027

7. International Diabetes Federation IDF diabetes atlas . Available at: http://www.
diabetesatlas.org/ (Accessed October 31, 2018).

8. Magliano DJ, Boyko EJ. IDF Diabetes Atlas 10th edition scientific committee. IDF
DIABETES ATLAS. 10th ed. Brussels: International Diabetes Federation (2021).

9. American Diabetes Association. 2. Classification and diagnosis of diabetes:
standards of medical care in diabetes-2021. Diabetes Care (2021) 44(Suppl 1):S15-
33. doi: 10.2337/dc21-S002

10. GeJ, Xu Y, Wang C, Tang C, Zhou J, Xiao H. Internal Medicine. 9th ed. Beijing:
PEOPLE'S MEDICAL PUBLISHING HOUSE (2019) p. 730-2.

11. Ahlqvist E, Storm P, Kérdjamaki A, Martinell M, Dorkhan M, Carlsson A. Novel
subgroups of adult-onset diabetes and their association with outcomes: a data-driven
cluster analysis of six variables. Lancet Diabetes Endocrinol (2018) 6(5):361-9.
doi: 10.1016/52213-8587(18)30051-2

Frontiers in Endocrinology

11

10.3389/fendo.2023.1230921

University, and all patients involved in this study for support with
this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2023.1230921/
full#supplementary-material

12. Zou X, Zhou X, Zhu Z, Ji L. Novel subgroups of patients with adult-onset
diabetes in Chinese and US populations. Lancet Diabetes Endocrinol (2019) 7(1):9-11.
doi: 10.1016/52213-8587(18)30316-4

13. Song X, Lv Y, Huang N, Sun J, Yang T, Wang X, et al. Clinical characteristics of
inpatients with new-onset diabetes mellitus in eastern China: based on novel clustering
analysis. Front Endocrinol (Lausanne) (2022) 13:927661. doi: 10.3389/
fendo.2022.927661

14. Dennis JM, Shields BM, Henley WE, Jones AG, Hattersley AT. Disease
progression and treatment response in data-driven subgroups of type 2 diabetes
compared with models based on simple clinical features: an analysis using clinical
trial data. Lancet Diabetes Endocrinol (2019) 7(6):442-51. doi: 10.1016/S2213-8587(19)
30087-7

15. Xing L, Peng F, Liang Q, Dai X, Ren J, Wu H. Clinical characteristics and risk of
diabetic complications in data-driven clusters among type 2 diabetes. Front Endocrinol
(Lausanne) (2021) 12:617628. doi: 10.3389/fendo.2021.617628

16. YeJ, Zhuang X, Li X, Gong X, Sun Y, Wang W. Novel metabolic classification for
extrahepatic complication of metabolic associated fatty liver disease: A data-driven
cluster analysis with international validation. Metabolism (2022) 136:155294.
doi: 10.1016/j.metabol.2022.155294

17. Marks-Garber K, Bdolah-Abram T, Nusair S. Cluster analysis based clinical
profiling of Idiopathic Pulmonary Fibrosis patients according to comorbidities evident
prior to diagnosis: a single-center observational study. Eur J Intern Med (2020) 80:18—
23. doi: 10.1016/j.jim.2020.05.023

18. Sharma A, Zheng Y, Ezekowitz JA, Westerhout CM, Udell JA, Goodman SG.
Cluster analysis of cardiovascular phenotypes in patients with type 2 diabetes and
established atherosclerotic cardiovascular disease: A potential approach to precision
medicine. Diabetes Care (2022) 45(1):204-12. doi: 10.2337/dc20-2806

19. Perea L, Canto E, Suarez-Cuartin G, Aliberti S, Chalmers JD, Sibila O. A cluster
analysis of bronchiectasis patients based on the airway immune profile. Chest (2021)
159(5):1758-67. doi: 10.1016/j.chest.2020.11.011

20. Morze J, Wittenbecher C, Schwingshackl L, Danielewicz A, Rynkiewicz A, Hu
FB, et al. Metabolomics and type 2 diabetes risk: an updated systematic review and
meta-analysis of prospective cohort studies. Diabetes Care (2022) 45(4):1013-24.
doi: 10.2337/dc21-1705

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1230921/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1230921/full#supplementary-material
https://doi.org/10.1016/S0140-6736(17)30058-2
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.2337/dc15-2171
https://doi.org/10.1038/s41574-020-0334-z
https://doi.org/10.1016/S2213-8587(19)30405-X
https://doi.org/10.3389/fendo.2022.838027
http://www.diabetesatlas.org/
http://www.diabetesatlas.org/
https://doi.org/10.2337/dc21-S002
https://doi.org/10.1016/S2213-8587(18)30051-2
https://doi.org/10.1016/S2213-8587(18)30316-4
https://doi.org/10.3389/fendo.2022.927661
https://doi.org/10.3389/fendo.2022.927661
https://doi.org/10.1016/S2213-8587(19)30087-7
https://doi.org/10.1016/S2213-8587(19)30087-7
https://doi.org/10.3389/fendo.2021.617628
https://doi.org/10.1016/j.metabol.2022.155294
https://doi.org/10.1016/j.ejim.2020.05.023
https://doi.org/10.2337/dc20-2806
https://doi.org/10.1016/j.chest.2020.11.011
https://doi.org/10.2337/dc21-1705
https://doi.org/10.3389/fendo.2023.1230921
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

21. Wang S, Li M, Lin H, Wang G, Xu Y, Zhao X, et al. Amino acids, microbiota-
related metabolites, and the risk of incident diabetes among normoglycemic Chinese
adults: Findings from the 4C study. Cell Rep Med (2022) 3(9):100727. doi: 10.1016/
jxcrm.2022.100727

22. Jin Q, Ma RCW. Metabolomics in diabetes and diabetic complications: insights
from epidemiological studies. Cells (2021) 10(11):2832. doi: 10.3390/cells10112832

23. Li GW, Pan XR. A new insulin-sensitivity index for the population-based study.
Zhonghua Nei Ke Za Zhi. (1993) 32:656-60.

24. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from fasting
plasma glucose and insulin concentrations in man. Diabetologia (1985) 28(7):412-9.
doi: 10.1007/BF00280883

25. Inker LA, Eneanya ND, Coresh ], Tighiouart H, Wang D, Sang Y, et al. New
creatinine- and cystatin C-based equations to estimate GFR without race. N Engl ] Med
(2021) 385(19):1737-49. doi: 10.1056/NEJMo0a2102953

26. Puavilai G, Chanprasertyotin S, Sriphrapradaeng A. Diagnostic criteria for
diabetes mellitus and other categories of glucose intolerance: 1997 criteria by the
Expert Committee on the Diagnosis and Classification of Diabetes Mellitus (ADA),
1998 WHO consultation criteria, and 1985 WHO criteria. World Health Org Diabetes
Res Clin Pract (1999) 44(1):21-6. doi: 10.1016/s0168-8227(99)00008-x

27. Microvascular Complications Group of Chinese Diabetes Society. Clinical
guideline for the prevention and treatment of diabetic kidney disease in China (2021
edition). Chin J Diabetes Mellitus (2021) 13:762-84. doi: 10.3760/cma.j.cn115791-
20210706-00369

28. Nie F, Xue J, Wu D, Wang R, Li H, Li X. Coordinate descent method for k-
means. [EEE Trans Pattern Anal Mach Intell (2022) 44(5):2371-85. doi: 10.1109/
TPAMI.2021.3085739

29. Liu H, Chen J, Dy J, Fu Y. Transforming complex problems into K-means
solutions. IEEE Trans Pattern Anal Mach Intell (2023) 45(7):9149-68. doi: 10.1109/
TPAMI.2023.3237667

30. Wang F, Zheng R, Li L, Xu M, Lu J, Zhao Z. Novel subgroups and chronic
complications of diabetes in middle-aged and elderly chinese:A prospective cohort
study. Front Endocrinol (Lausanne) (2022) 12:802114. doi: 10.3389/fendo.2021.802114

31. Sowers JR, Epstein M, Frohlich ED. Diabetes, hypertension, and cardiovascular
disease: an update. Hypertension (2001) 37(4):1053-9. doi: 10.1161/01.hyp.37.4.1053

Frontiers in Endocrinology

12

10.3389/fendo.2023.1230921

32. Nazarzadeh M, Bidel Z, Canoy D, Copland E, Bennett DA, Dehghan A. Blood
pressure-lowering treatment for prevention of major cardiovascular diseases in people
with and without type 2 diabetes: an individual participant-level data meta-analysis.
Lancet Diabetes Endocrinol (2022) 10(9):645-54. doi: 10.1016/52213-8587(22)00172-3

33. Ciardullo S, Muraca E, Cannistraci R, Manzoni G, Perra S, Bianconi E. Seasonal
variation in estimated cardiovascular risk in patients with type 2 diabetes. Nutr Metab
Cardiovasc Dis (2021) 31(5):1494-500. doi: 10.1016/j.numecd.2021.01.022

34. LiuX, Xu Y, An M, Zeng Q. The risk factors for diabetic peripheral neuropathy:
A meta-analysis. PloS One (2019) 14(2):e0212574. doi: 10.1371/journal.pone.0212574

35. Jaiswal M, Divers J, Dabelea D, Isom S, Bell RA, Martin CL, et al. Prevalence of
and risk factors for diabetic peripheral neuropathy in youth with type 1 and type 2
diabetes: SEARCH for diabetes in youth study. Diabetes Care (2017) 40(9):1226-32.
doi: 10.2337/dc17-0179

36. Dabelea D, Stafford JM, Mayer-Davis EJ, D’Agostino R Jr, Dolan L, Imperatore
G, et al. Association of type 1 diabetes vs type 2 diabetes diagnosed during childhood
and adolescence with complications during teenage years and young adulthood. JAMA
(2017) 317(8):825-35. doi: 10.1001/jama.2017.0686

37. Lucio-Gutiérrez JR, Cordero-Pérez P, Farias-Navarro IC, Tijerina-Marquez R,
Sanchez-Martinez C, Avila—Velézquez JL, et al. Using nuclear magnetic resonance urine
metabolomics to develop a prediction model of early stages of renal disease in subjects
with type 2 diabetes. ] Pharm BioMed Anal (2022) 219:114885. doi: 10.1016/
jjpba.2022.114885

38. Bala CG, Rusu A, Ciobanu D, Bucsa C, Roman G. Amino acid signature of
oxidative stress in patients with type 2 diabetes: targeted exploratory metabolomic
research. Antioxid (Basel) (2021) 10(4):610. doi: 10.3390/antiox10040610

39. Jin L, Mo Y, Yue EL, Liu Y, Liu KY. Ibrutinib ameliorates cerebral ischemia/
reperfusion injury through autophagy activation and PI3K/Akt/mTOR signaling
pathway in diabetic mice. Bioengineered (2021) 12(1):7432-45. doi: 10.1080/
21655979.2021.1974810

40. Mahfoz AM, Gawish AY. Insight into the hepatoprotective, hypolipidemic, and
antidiabetic impacts of aliskiren in streptozotocin-induced diabetic liver disease in
mice. Diabetol Metab Syndr (2022) 14(1):163. doi: 10.1186/s13098-022-00935-5

41. GBD 2021 Diabetes Collaborators. Global, regional, and national burden of
diabetes from 1990 to 2021, with projections of prevalence to 2050: a systematic
analysis for the Global Burden of Disease Study 2021. Lancet (2023) 402(10397):203—
34. doi: 10.1016/S0140-6736(23)01301-6

frontiersin.org


https://doi.org/10.1016/j.xcrm.2022.100727
https://doi.org/10.1016/j.xcrm.2022.100727
https://doi.org/10.3390/cells10112832
https://doi.org/10.1007/BF00280883
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1016/s0168-8227(99)00008-x
https://doi.org/10.3760/cma.j.cn115791-20210706-00369
https://doi.org/10.3760/cma.j.cn115791-20210706-00369
https://doi.org/10.1109/TPAMI.2021.3085739
https://doi.org/10.1109/TPAMI.2021.3085739
https://doi.org/10.1109/TPAMI.2023.3237667
https://doi.org/10.1109/TPAMI.2023.3237667
https://doi.org/10.3389/fendo.2021.802114
https://doi.org/10.1161/01.hyp.37.4.1053
https://doi.org/10.1016/S2213-8587(22)00172-3
https://doi.org/10.1016/j.numecd.2021.01.022
https://doi.org/10.1371/journal.pone.0212574
https://doi.org/10.2337/dc17-0179
https://doi.org/10.1001/jama.2017.0686
https://doi.org/10.1016/j.jpba.2022.114885
https://doi.org/10.1016/j.jpba.2022.114885
https://doi.org/10.3390/antiox10040610
https://doi.org/10.1080/21655979.2021.1974810
https://doi.org/10.1080/21655979.2021.1974810
https://doi.org/10.1186/s13098-022-00935-5
https://doi.org/10.1016/S0140-6736(23)01301-6
https://doi.org/10.3389/fendo.2023.1230921
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Unsupervised cluster analysis of clinical and metabolite characteristics in patients with chronic complications of T2DM: an observational study of real data
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Measurements
	2.3 Definitions
	2.4 Cluster analysis
	2.5 Statistical analysis

	3 Results
	3.1 Study population and cluster analysis
	3.2 Prevalence of chronic complications in each cluster
	3.3 The risk for chronic complications in each cluster
	3.4 Comparison of metabolite profile in each cluster

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


