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INTRODUCTION

ABSTRACT

Aims/Introduction: The aim of this study was to determine whether distinct subphe-
notypes of patients with type 2 diabetes in the European classification exist in Chinese
populations, and to further establish novel subphenotypes more suitable for Chinese pop-
ulations.

Material and Methods: The research retrospectively analyzed 5414 patients with

type 2 diabetes from the National Clinical Research Center for Metabolic Diseases Diabetes
Center in China, and a two-step cluster analysis was carried out. First, we confirmed the
European classification in Chinese populations by six parameters, including age at disease
onset, body mass index, glycosylated hemoglobin, homeostatic model assessment 2 to
estimate B-cell function and insulin resistance, and glutamate decarboxylase antibodies.
Furthermore, triglycerides and uric acid were added to refine the cluster analysis, and Cox
regression was used to evaluate the risk of diabetic complications.

Results: Just three clusters were replicated in our cohort according to Emma Ahlgvist's
European classification. When other variables were added to the cluster analysis, seven
subgroups were identified, including five clusters of the European classification and two
novel subgroups, namely, uric acid-related diabetes and inheritance-related diabetes. Com-
pared with patients with inheritance-related diabetes, patients with severe insulin-resistant
diabetes showed a higher risk of diabetic peripheral neuropathy, hypertension and chronic
kidney disease, and the uric acid-related diabetes subgroup showed a higher risk of coro-
nary heart disease, cerebral vascular disease and end-stage renal disease. Patients with sev-
ere insulin-deficient diabetes showed a higher risk of diabetic retinopathy and diabetic
foot than those with inheritance-related diabetes. Furthermore, there were sex-specific
associations between subgroups and clinical outcomes. No significant difference was
observed in the prevalence of cancer in each subgroup.

Conclusions: Seven subgroups of type 2 diabetes were identified in Chinese popula-
tions, with distinct characteristics and disparate clinical outcomes. This etiology-based strat-
ification might contribute to the diagnosis and management of type 2 diabetes.

Globally, approximately one in 11 adults has diabetes mellitus; ~ modification, potent social support and satisfactory medication

this prevalence has quadrupled over the past 30 years'. Preven-

adherence, has substantially improved®, and the incidence of

tive care for diabetes patients, such as effective lifestyle ~diabetic complications has significantly reduced, whereas the

overall numbers of patients with end-stage renal disease
(ESRD), stroke and amputation are still persistently elevated’.
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One explanation is that diabetes mellitus, which is characterized
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by heterogeneity, varies significantly in clinical manifestations
and disease progression®.

Currently, the widely accepted classification of diabetes melli-
tus was first proposed in 1936°. A large proportion of patients
with diabetes mellitus (~90%) are distinguished by relatively
deficient insulin resulting from insulin resistance and dysfunc-
tional pancreatic PB-cells, defined as type 2 diabetes mellitus
(type 2 diabetes)'. Approximately 10% of patients with diabetes
mellitus, characterized by absolute insulin deficiency and resul-
tant hyperglycemia due to autoimmunity, are classified as hav-
ing type 1 diabetes mellitus. As described in the data, the
occurrence of type 1 diabetes in adults is as high as 50%, and
50% of adulthood cases might be misclassified as type 2 dia-
betes®. Furthermore, latent autoimmune diabetes in adults is
attributed to autoimmunity, with mild metabolic dysfunction
and no requirement of insulin treatment at disease onset, which
leads to a misdiagnosis of type 2 diabetes due to its heteroge-
neous pathophysiology and clinical manifestations’. Further-
more, other rare and specified types are monogenic diabetes
mellitus, such as maturity-onset diabetes of the young, which is
mainly caused by the mutation of HNF4A in p.R114W® and
neonatal diabetes.

The complexity and heterogeneity of diabetes mellitus, espe-
cially of type 2 diabetes, impede precise diagnosis and treat-
ment’. Furthermore, the traditional classification defined the
phenotypes by age at disease onset and single metabolic mea-
surement, which were far less effective clinical indicators. Thus,
the identification of novel subgroups based on pathophysiologi-
cal, genetic and other risk factors is critical. Recently, Ahlqvist
et al." established five subclassifications in type 2 diabetes with
distinct patient characteristics and heterogeneous diabetes com-
plications based on six parameters (age at disease onset, body
mass index [BMI], glycosylated hemoglobin [HbAc], homeo-
static model assessment 2 to estimate [B-cell function
[HOMA2-B] and insulin resistance [HOMA2-IR], and gluta-
mate decarboxylase antibodies [GADA]). That study was a
notable attempt, and provided considerable information on the
risk of disease progression and potential therapeutic strategies
for type 2 diabetes'".

China is the largest country in the diabetes epidemic, and
has an estimated prevalence of diabetes and prediabetes of
11.6% and 35.7%, respectively'”. Due to differences in ethnici-
ties, regions, genetic backgrounds, lifestyles and natural environ-
ment, it is unclear whether the European subclassification is
applicable to Chinese populations. In addition to the aforemen-
tioned variables, other risk factors, such as hypertriglyceridemia,
hyperuricemia, smoking and genetic factors, also contribute to
the progression of type 2 diabetes®. Furthermore, studies from
China have implied that among individuals with type 2 dia-
betes, 63.9% had dyslipidemia"> and 32.6% had hyper-
uricemia'®, showing the need to include dyslipidemia and
hyperuricemia in a cluster analysis of the Chinese population.
In the present study, we initially validated the availability of the
European classification in Chinese populations and then
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remodeled the cluster analysis based on additional parameters
to produce a more adjustable classification in Chinese adult-
onset diabetes.

MATERIALS AND METHODS

Study population

The study included a retrospective cohort of 5414 patients
from the National Clinical Research Center for Metabolic Dis-
eases Diabetes Center, China, including the Department of
Endocrinology and Nephrology of the Second Xiangya Hospital
of Central South University, Changsha, China, from January
2010 to November 2018. In this cohort, the average duration of
diabetes was 8.6 = 6.3 years, and cluster analysis based on six
parameters (age at disease onset, BMI, HbA;c, HOMA2-B and
HOMA2-IR, and GADA) was used to confirm the utility of
the European classification in Chinese populations. Then,
parameters including triglycerides (TG) and uric acid (UA)
were added to refine the cluster analysis of the European classi-
fication with the data of 5011 patients due to missing informa-
tion for 403 patients. We have evaluated the differences
between eligible 5,011 patients and 403 patients in baseline
demographic characteristics and laboratory parameters. The
results showed that there was no statistical difference between
the eligible 5,011 and excluded 403 (data not shown). Cox
regression was used to evaluate the risk of disease progression
among 4,899 patients (112 patients excluded). The present
study was approved by the Hunan Research Ethics Committees
in the Second Xiangya Hospital of Central South University,
China.

The inclusion criteria were as follows: (i) patients diagnosed
with type 2 diabetes; and (ii) patients whose age of disease
onset was older than 18 years. The exclusion criteria were as
follows: (i) patients diagnosed with type 1 diabetes (n = 556);
(ii) latent autoimmune diabetes in adults (n = 118); (iii)
patients with newly diagnosed diabetes mellitus (n = 578); and
(iv) patients with missing data for clustered variables (n = 403).

Measurements

An ADVIA 2120 automated hematology analyzer (Siemens
Healthcare Diagnostics, Erlangen, Germany) was used to mea-
sure the level of hemoglobin. The blood biochemical indexes
were carried out with standard automated enzymatic methods
(Hitachi 912 automated analyzer, Boehringer Mannheim,
Mannheim, Germany), including TG, total cholesterol (TC),
high-density lipoprotein cholesterol, low-density lipoprotein
cholesterol, albumin (Alb), creatinine (Cr), fasting glucose and
UA. Furthermore, HbA;c was analyzed by high-performance
liquid chromatography (VARIANT-II Hemoglobin Testing
System; Bio-Rad, Hercules, CA, USA). Proteinuria evaluation,
diagnosed as the urine albumin excretion rate >30 mg/24 h,
was carried out by the immunoturbidimetric method. The
Modular Cobas E601 Analyzer or ADVIA Centaur XP
Immunoassay System was applied to measure the level of 25-
hydroxyvitamin D  concentrations. Fasting C-peptide was
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analyzed by standard methods, and GADA was measured by
radioligand assay.

Definitions

Type 2 diabetes was diagnosed by the following criteria: fasting
plasma glucose level >7.0 mmol/L (126 mg/dL); random
plasma glucose >11.1 mmol/L (200 mg/dL); or 2-h plasma glu-
cose level during an oral glucose tolerance test >11.1 mmol/L;
or HbAc > 6.5%. BMI was calculated by weight (kg) / height
(m?). The calculation of HOMA2 was carried out by fasting
plasma glucose and c-peptide. The estimated glomerular filtra-
tion rate (eGFR) was obtained by the formula of the Modifica-
tion of Diet in Renal Disease study. Drinkers or smokers were
referred to as those who engaged in drinking or smoking daily
for more than 1 year. Waist-to-hip ratio was measured by the
formula of waist circumference / hip circumference. A family
history of diabetes was referred to as a first-degree family mem-
ber (children, parents and siblings) who had or did not have
diabetes. Drug use was defined as taking medications regularly
for 3 months.

Hypertension (HTN) was defined as having a systolic
blood pressure (SBP) >130 mmHg or a diastolic blood
pressure >80 mmHg for two or more readings on two or
more occasions or currently receiving antihypertensive
treatment. Coronary heart disease (CHD) was referred to
as having a history of angina and/or myocardial infarc-
tion. The definition of cerebral vascular disease (CVD)
was cerebral dysfunction caused by cerebrovascular dis-
ease, such as cerebral hemorrhage and cerebral infarction.
The criteria for chronic kidney disease (CKD) were
chronic structural and functional impairment of the kid-
ney for more than 3 months. The criterion for ESRD was
an eGFR <15 mL/min per 1.73 m>.

Diabetic retinopathy (DR) was characterized by fundus pho-
tographs of lesions of varying degrees, such as microaneurysms,
hemorrhages and new vessel formation, eventually transforming
into retinal thickening. Diabetic foot was defined as lower limb
infection, ulceration and/or destruction of deep tissue in dia-
betes patients caused by the combination of neuropathy and
various degrees of peripheral vascular lesions. The diagnosis of
diabetic peripheral neuropathy (DPN) mainly relied on related
clinical symptoms, and neurological and electrophysiological
investigations.

Statistical analysis

Two-step clustering is an intelligent clustering method in which
categorical and continuous variables can be simultaneously
addressed, and in which the optimal clustering number is auto-
matically determined. It identifies clusters by two processes:
first, preclustering, followed by hierarchical clustering. Hierar-
chical algorithms were used to estimate the optimal clustering
number based on the silhouette width, the calculation of the
distance using the log-likelihood and clustering in accordance
with Schwarz’s Bayesian criterion.

http://wileyonlinelibrary.com/journal/jdi

Cox regression was applied to calculate the risk of complica-
tions after adjustments were made for age at diagnosis, sex,
SBP, smoking habit, drinking habit, Alb, eGFR and BMI. The
time at which the patient was first diagnosed with type 2 dia-
betes was defined as the starting time, and the time at which
the patient was diagnosed with complications was defined as
the ending time. The interval was considered to be the duration
of diabetes. The timing of diabetic complications and comor-
bidities was confirmed by a review of the electronic medical
records. SPSS version 24.0 was used, and a P-value of <0.05
was considered statistically significant.

RESULTS

Validating the applicability of the European classification in
Chinese populations with type 2 diabetes

Two-step cluster analysis was carried out in patients with
type 2 diabetes, including 3,087 men and 2,327 women, with a
focus on six variables (GADA, age at diagnosis, BMI, HbA,,
HOMA2-B and HOMA2-IR). Compared with European sub-
groups, three clusters were identified in both men and women
(Figure 1, Figure 2), which were cluster 1 (severe autoimmune
diabetes [SAID]), cluster 2 (severe insulin-deficient diabetes
[SIDD]) and cluster 3 (mild age-related diabetes [MARD]).
The cluster centers are shown in Table S2. Interestingly, the
proportions of SIDD and MARD were 1,506 (48.8%) and 1,474
(47.7%), respectively, in men (Figure la), and 726 (31.2%) and
1,510 (64.9%), respectively, in women (Figure 2a). Additionally,
the characteristics of SAID in men were the same as those in
women, except for B-cell function (Figure le). Characteristics,
including age, BMI, HbA,;, HOMA2-B and HOMA-IR, are
shown in Figure 1b—f and Figure 2b—{f. In addition, severe insu-
lin-resistant diabetes (SIRD) and mild obesity-related diabetes
(MOD) were not observed.

Identification of seven clusters by remodeling the cluster
analysis based on eight variables

The clustered results based on eight variables were shown as
7 subgroups (Figure 3). Cluster centers are described in
Table S2. In subgroup 1 (SIRD), 95/5011 (1.9%) patients had
insulin resistance (Figure 3a), poor metabolic control with
higher TG (Figure 3g) and UA (Figure 3h). In subgroup 2
(SIDD), 999/5011 (19.9%) patients were characterized as hav-
ing severe deficiency of insulin (Figure 3a), poor control of
HbA,c levels (Figure 3d) but normal levels of lipid profiles
(Figure 3g) and UA (Figure 3h). In subgroup 3 (MOD), 859
of 5,011 (17.1%) patients showed obesity (Figure 3a), early-on-
set disease (Figure 3c) and relatively poor control of HbA,c
(Figure 3d), TG (Figure 3g) and UA levels (Figure 3h),
whereas they did not have insulin resistance (Figure 3f). In
subgroup 4 (SAID), 128 of 5,011 (2.6%) patients showed the
presence of GADA and lower BMI (Figure 3b). In subgroup 5
(named UA-related diabetes [UARD]), which was a distinct
subgroup, 618 of 5,011 (12.3%) patients were shown as having
the highest UA level (Figure 3g), accompanied by mild insulin

1348 J Diabetes Investig Vol. 12 No. 8 August 2021

© 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

(a) 1/SAID
2/SIDD
== 3/MARD
(c)
60
—~ 50 e
£ 4 e
9 3
< 30 %
=
@ 0
8
10
1/SAD  2/SIDD  3/MARD
(e)
600
g 500 .
@ 400
g 300 §
S 200 $ :
< 100 é _i_
0
1/SAD  2/SIDD 3/MARD

ORIGINAL ARTICLE
Identification of subgroup in diabetes

80 g '
60
40
20

(b

-

Age (years)

1/SAID  2/SIDD  3/MARD
(d)
25
20 s
ES
RE
< 10 +
T
5
1
0
1/SAID  2/SIDD  3/MARD
(f)
o« 12 o
g z
s 8 i
- é i
e L
0

1/SAID 2/SIbD 3/MARD

Figure 1 | Participant distributions and characteristics in Chinese men with type 2 diabetes according to the European classification. (a)
Distributions of Chinese men (n = 3087) according to the two-step cluster analysis. (b) Distributions of age at diagnosis for each cluster. (c)
Distributions of body mass index (BMI) for each cluster. (d) Distributions of glycosylated hemoglobin (HbAc) for each cluster. (e) Distributions of
homeostatic model assessment 2 to estimate B-cell function (HOMA2-B) for each cluster. () Distributions of homeostatic model assessment 2 to
estimate insulin resistance (HOMA2-IR) for each cluster. HOMA2-B and HOMA2-IR were applied to estimate the function of B-cell and insulin
resistance, respectively, which were calculated using fasting plasma glucose and c-peptide. BMI was calculated as weight (kg) / height (m?). MARD,
mild age-related diabetes; SAID, severe autoimmune diabetes; SIDD, severe insulin-deficient diabetes.

resistance (Figure 3f) and good control of HbAc (Figure 3d),
superior B-cell function (Figure 3e) and older-onset disease
(Figure 3c). In subgroup 6 (MARD), 1,236 of 5,011 (24.7%)
patients were labeled as having senile-onset disease (Figure 3c)
and mild disturbance in levels of TG (Figure 3g). In sub-
group 7 (called inheritance-related diabetes [IRD]), 1,076 of
5,011 (21.5%) patients were shown to have the highest pro-
portion of family history of diabetes (Table 1), and moderate
levels of TG, UA and insulin resistance compared with
patients in other subgroups.

Other traits of seven classifications are shown in Table 1.
Cluster 1 (severe insulin-resistant diabetes [SIRD]) was shown
to have severe lipid metabolic dysregulation accompanied by a
substantial elevation of TC (7.1 + 3.1 mmol/L), but a signifi-
cant reduction in high-density lipoprotein cholesterol
(09 £ 0.7 mmol/L) and a major decrease in vitamin D
(23.8 £ 9.5 nmol/L). The proportions of men and drinking
were highest in cluster 3, accounting for 65.7% and 26%,
respectively. Cluster 5 (UARD) was shown to have higher SBP,
lower hemoglobin and Alb, and worse renal function, with
higher levels of Cr and proteinuria. The proportion of family

history was lowest in cluster 6 (MARD; 24.7%) and highest in
cluster 7 (IRD; 46.5%).

Risk evaluation of diabetic complications in seven clusters

Compared with the patients in cluster 7 (IRD), the patients in
cluster 1 (SIRD) showed a higher risk of DR (HR 1.3390, 95%
confidence interval [CI] 0.919-1.95, P = 0.128; Figure 4a,
Table $3), DPN (HR 1.711, 95% CI 1.282-2.283, P = 2 x 10°%
Figure 4b, Table S3), HTN (HR 1.835, 95% CI 1.388-
2425, P=2 x 105 Figure 4f, Table S4) and CKD (HR
2.37, 95% CI 1.683-3.336, P= 7.6 x 107; Figure 4d,
Table S6) after adjustments were made for the confound-
ing factors of age at diagnosis, sex, SBP, smoking habit,
drinking habit, Alb, eGFR and BMI. For CHD (Figure 4g,
Table S4), CVD (Figure 4h, Table S4) and ESRD (Fig-
ure 4e, Table S6), the adjusted risk in cluster 5 (UARD)
increased to, respectively, 1.526- (95% CI 1.184-1.966,
P = 0.001), 1.487- (95% CI 1.089-2.03, P = 0.013) and
5.002-fold (95% CI 1.886-6.894, P = 7.4 x 10_5) higher
than that in cluster 7 (IRD). Patients in cluster 2 (SIDD)
showed a much higher risk of DR (HR 1.229, 95% CI
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Figure 2 | Participant distributions and characteristics in Chinese women with type 2 diabetes according to the European classification. (a)
Distributions of Chinese women (n = 2327) according to the two-step cluster analysis. (b) Distributions of age at diagnosis for each cluster. (c)
Distributions of body mass index (BMI) for each cluster. (d) Distributions of glycated hemoglobin (HbAc) for each cluster. (e) Distributions of
homeostatic model assessment 2 to estimate B-cell function (HOMA2-B) for each cluster. (f) Distributions of homeostatic model assessment 2 to

estimate insulin resistance (HOMA2-IR) for each cluster.

1.045-1.446, P = 0.013) and diabetic foot (HR 2.051, 95%
CI 1.405-2.994, P = 1.96 x 10°*) than those in cluster 7
(IRD; Figure 4c, Table S3). Furthermore, the prevalence of
cancer (Figure 4i, Table S5) in each cluster was not signifi-
cantly different (P > 0.05).

There were sex-specific associations between subgroups and
clinical outcomes. The men with SIRD showed relatively higher
risk factors in DR (HR 1.733, 95% CI 1.016-2.957, P = 0.044;
Figure 5a, Table S7), CKD (HR 3.225, 95% CI 2.074-5.016,
P =203 x 107; Figure 5d, Table S7), whereas women with
SIDD showed higher risk factors in DR (HR 1.293, 95% CI
1.037-1.613, P = 0.022; Figure 6a, Table S7), DPN (HR 1.331,
95% CI 1.108-1.598, P = 0.002; Figure 6b, Table S7) and CKD
(HR 1517, 95% CI 1.171-1.966, P = 0.002; Figure 6d,
Table S7), compared with those in cluster 7 (IRD). Addition-
ally, compared with the patients in cluster 7 (IRD), men in
cluster 5 (UARD) had a higher risk of DR (HR 1.258, 95% CI
1.007-1.641, P = 0.044; Figure 5a, Table S7), DPN (HR 1.237,
95% CI 1.009-1.517, P = 0.041; Figure 5b, Table S7), CHD
(HR 1584, 95% CI 1.108-2266, P =0.012; Figure 5g,
Table S7) and CKD (HR 1412, 95% CI 1.104-1.805,
P = 0.006; Figure 5g, Table S7).

DISCUSSION
In the present study, we found that just three subphenotypes of
diabetes (SAID, SIDD, MARD) described previously by Ahlg-
vist et al. were identified in Chinese populations when identical
clinical parameters were used. Two other classifications (SIRD
and MOD) were not identified. These findings suggest that the
European classification is relatively heterogeneous among vari-
ous ethnicities, regions, genetic backgrounds, lifestyles and natu-
ral environments. When TG and UA were added to refine our
cluster analysis, seven subgroups were stratified, five of which
were duplicated (SAID, SIDD, MARD, SIRD and MOD) and
two of which were more distinct classifications (UARD and
IRD). Ultimately, patients in the seven clusters responded dif-
ferently to disease progression; for example, patients in cluster 5
(UARD) had a higher risk of CHD, CVD and ESRD, whereas
patients in cluster 1 (SIRD) had increasing hazards of DPN,
HTN and CKD, and there were sex-specific associations
between subgroups and clinical outcomes Those findings indi-
cated that the selection of different variables might reflect dis-
parate risk stratification.

Ahlgvist et al. proposed a notable classification to predict the
risk of related complications and paved the way for
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Figure 3 | Participant distributions and characteristics of seven classifications in the Chinese population with type 2 diabetes. (a) Distributions of the
Chinese population (n = 5011) according to the two-step cluster analysis. (b) Distributions of body mass index (BMI) for each cluster. (c)
Distributions of age at diagnosis for each cluster. (d) Distributions of glycosylated hemoglobin (HbA,c) for each cluster. (e) Distributions of
homeostatic model assessment 2 to estimate B-cell function (HOMA2-B) for each cluster. (f) Distributions of homeostatic model assessment 2 to
estimate insulin resistance (HOMAZ2-IR) for each cluster. (g) Distributions of triglycerides for each cluster. (h) Distributions of uric acid for each cluster.
IRD, inheritance-related diabetes; MOD, mild obesity-related diabetes; SIRD, severe insulin-resistant diabetes; UARD, UA-related diabetes.

personalized medicine in different subgroups of diabetes''.  biomarkers and genetic factors, have not been investigated'’.
Although their classification was identified as limited to Euro-  The addition of those risk factors to the cluster analysis might
pean populations, other risk factors, such as history of drinking  be more beneficial to the classification and management of dia-
or smoking, blood pressure, lipid profiles, UA, inflammatory  betes.
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Figure 4 | Cox regression analysis of disease progression over time by seven clusters. (a) Time to diabetic retinopathy. (b) Time to diabetic
peripheral neuropathy. (c) Time to diabetic foot. (d) Time to chronic kidney disease. (e) Time to end-stage renal disease. (f) Time to hypertension.
(@) Time to coronary heart disease. (h) Time to cerebral vascular disease. (i) Time to cancer. IRD, inheritance-related diabetes; MOD, mild obesity-
related diabetes; SIRD, severe insulin-resistant diabetes; UARD, UA-related diabetes.

Recently, Zou et al'® applied Ahlqvist's classification to
newly diagnosed cases of diabetes in China and the USA, and
four clusters were identified as SAID, SIDD, MOD and MARD.
However, the index of GADA was absent, and surrogate
parameters, such as HbA;. (or, alternatively, mean plasma glu-
cose), were used. Additionally, only newly diagnosed diabetes
patients were incorporated, whereas patients with a long dura-
tion were not enrolled. Here, the same variables as Ahlqvist’s
classification were used, and patients in China with a long
duration of diabetes were incorporated in our cluster analysis.
The present study showed that just three subphenotypes were
duplicated. Two possible reasons might be responsible for this.
On the one hand, the characteristics between East Asians and
Europeans with type 2 diabetes were different'”. For example, a
previous study suggested that East Asian populations develop-
ing type 2 diabetes had a relatively lower mean BMI in com-
parison with those of European populations; at any specific

BMI, East Asians showed different body fat and visceral adipos-
ity; Asian patients had diabetes at a younger age and early
B-cell dysfunction, with early requirement of insulin treatment"”.
Thus, the patients in the present study might show different
clinical characteristics to European populations in BMI and
insulin resistance. Therefore, SIRD and MOD were not identi-
fied in the Chinese populations with the European classification,
even though both HOMA2-IR and BMI were all used as indica-
tors in the two-step cluster analysis. On the other hand, racial
difference might be an explanation for this. As we know,
genetic factors and lifestyle plays an important role in type 2
diabetes'®, which might affect the clinical characteristics. Thus,
the European classification might not be completely consistent
with the Chinese population, and different variables, even
though the same variables, might have different results. Further-
more, the present study showed different characteristics. For
example, patients in Chinese populations with SAID were
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Figure 5 | Cox regression analysis of disease progression over time by seven clusters in men. (a) Time to diabetic retinopathy (DR). (b) Time to
diabetic peripheral neuropathy (DPN). (c) Time to diabetic foot (DF). (d) Time to chronic kidney disease (CKD). (e) Time to end-stage renal disease
(ESRD). (f) Time to hypertension (HTN). (g) Time to coronary heart disease (CHD). (h) Time to cerebral vascular disease (CVD). () Time to cancer. IRD,
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relatively older and had severe insulin resistance, whereas corre-
sponding patients in European populations were younger and
had slight or scarce insulin resistance. In addition to ethnic
variability, other possible mechanisms require further study for
detection.

In the present study, in contrast to the European classifica-
tion, we refined the cluster analysis by adding other risk fac-
tors that showed a close association with the progression of
diabetes. We also used TC instead of TG to do the clustering
analysis. It showed similar results. Furthermore, plasma triglyc-
eride concentration is also important in diabetes. Many studies
have noted that diabetic dyslipidemia was featured as a high
concentration of plasma TG, reduced concentration of high-
density lipoprotein cholesterol and increased concentration of
low-density lipoprotein  cholesterol'>*°. A previous study
showed that out of the 291 diabetes patients enrolled, 22.3%
had hypercholesterolemia (TC >200) and 61.9% had hyper-
triglyceridemia®,  indicating a  higher percentage  of

hypertriglyceridemia than hypercholesterolemia. Based on this
evidence, we selected serum TG to do the cluster analysis. Cox
regression showed that different subgroups displayed different
clinical risks. In the European classification, a higher risk of
CKD and ESRD was found in the SIRD subgroup than in the
MARD subgroup. The present study showed not only a higher
risk of CKD (Figure 4d), but also a higher risk of DPN (Fig-
ure 4b) and HTN (Figure 4f) in the SIRD subgroup than in
the IRD subgroup. Patients in the UARD subgroup and not
in the SIRD subgroup were more susceptible to ESRD than
those in the IRD subgroup. Furthermore, CHD (Figure 4g;
P = 0.001) and CVD (Figure 4h; P = 0.013) were much more
likely to occur among patients in the UARD cluster; these
findings differed from those for European populations, in
which no significant difference in the risk of coronary events
and stroke was found among each cluster.

SIRD had been shown to be closely associated with disease
progression not only in the European population, but also in
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diabetes.

the Chinese cohort. The elevated risk of CKD and HTN in
SIRD patients substantially validated the relationship between
insulin resistance and HTN and kidney complications®. Insu-
lin resistance, which is involved in typical hallmarks of dia-
betic nephropathy, such as renal glomerular hypertension,
hyperfiltration and high salt sensitivity, leads to renal damage
and blood pressure elevation®. Furthermore, insulin resistance
was also correlated with DPN in the present study. As sug-
gested in the study by Callaghan et al®*, in addition to
hyperglycemia, insulin resistance attributed to cellular dys-
function, such as mitochondrial damage, oxidative stress,
DNA lesions and ultimately cell apoptosis, also contributes to
DPN.

In the present study, a novel subgroup of UARD was identi-
fied and presented with dissimilarity to other groups, especially
with respect to the risk of disease complications. UA, originat-
ing from purine nucleotide metabolism, plays a critical role in

various human diseases, such as heart failure?®, HTN?*® and
CKD?. A prospective study showed that UA might be a bio-
marker of early coronary atherosclerosis in postmenopausal
women®®, In addition, a close relationship was also found
between UA and diabetes®, especially in diabetes complica-
tions, such as DPN*’, CHD’!, DKD* and DR™. Marcus
et al>* found that UA was a risk factor for sudden cardiac
death (HR 2.41, 95% CI 1.16-5.00) and cardiovascular death
(HR 1.77, 95% CI 1.12-2.81), which was partially similar to the
findings for the UARD subgroup. This subgroup featured a rel-
atively high level of UA and a higher risk of CHD. Addition-
ally, the concentrations of serum UA showed a close
relationship with CVD>”. A meta-analysis carried out by Du
et al® suggested that higher serum UA levels might contribute
to cerebral infraction in type 2 diabetes patients, which was
consistent with the present study. Furthermore, the concentra-
tions of serum UA were related to the progression of CKD
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patients with eGFR >45 mL/min/1.73 m**® and the develop-
ment of DKD*. Additionally, the Reduction on Endpoints in
NIDDM with the Angiotensin II Antagonist Losartan
(RENAAL) trial” showed a reduction in UA per 0.5 mg/dL
after 6 months of losartan treatment, leading to a decrease in
renal risk events, such as doubled Cr values and a decreased
risk of ESRD by 6% in patients with type 2 diabetes. This was
further confirmed by the present findings that participants in
the UARD cluster showed a risk of ESRD that was almost
fourfold higher than the risk of those in the IRD cluster. This
might be attributable to oxidative stress*’, endothelial dysfunc-
tion*! and insulin resistance® induced by high levels of urate
concentrations.

Another novel subgroup was the IRD cluster, which was
marked by atypical characteristics of each variable, such as
relatively normal metabolic control, no insulin resistance and
lower BMI Interestingly, the IRD cluster had the highest
percentage of family history of diabetes, elucidating that
genetic factors were crucial in the pathogenesis of diabetes.
Thus, the genetic association should be evaluated by a gen-
ome-wide association study and prospective strategies in the
future.

Several limitations need to be mentioned. First, patients with
a long duration of diabetes were included in the present study,
and seven clusters should also be shown in newly diagnosed
patients and heterogeneous populations. Second, genetic associ-
ations in this sample were not shown. Furthermore, the dura-
tion of diabetes was determined from the natural course of
disease, and prospective studies need to be carried out in the
future. Furthermore, there was a measurement bias of the dura-
tion of diabetes mellitus that many patients develop clinical
manifestations of diabetes mellitus before diagnosis of diabetes
mellitus. Additionally, parametric survival models might be
more appropriate than Cox regression to examine the associa-
tions. However, parametric survival models might be not suit-
able for the present study, as the patients collected in our
cohort were all alive. We will do the parametric survival models
in future. Finally, the present study targeted personalized medi-
cine based on the clinical characteristics of the patients through
clustering analysis. Thus, defined cut-off values or combination
panels of eight variables should be identified to differentiate
these phenotypes when different patients are diagnosed with
type 2 diabetes mellitus by increasing the number of patients
and multicenter studies, which might be more practical in clini-
cal application.

Taken together, three subgroups of the European classifica-
tion were identified in Chinese participants with type 2 dia-
betes. Furthermore, seven subgroups were identified with
different disease progression when more parameters were
included, which might be more applicable to Chinese popula-
tions. This discovery could provide important evidence for the
etiology-based stratification and personalized management of
various subgroups in type 2 diabetes.

http://wileyonlinelibrary.com/journal/jdi
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Table S3 | Cox regression analysis of diabetic complications risk in seven clusters.
Table S4 | Cox regression analysis of cardiovascular events risk in seven clusters.
Table S5 | Cox regression analysis of cancer events risk in seven clusters.

Table S6 | Cox regression analysis of kidney events risk in seven clusters.

Table S7 | Cox regression analysis of complications risks in males and females in seven clusters.
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