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β-Cell Function in Ecuadorian
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1 Faculty of Biological Sciences, Biological Sciences School, Central University of Ecuador, Quito, Ecuador, 2 Institute of
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Objective: To assess insulin sensitivity and pancreatic β-cell function in an adult
population of Ecuadorian individuals with Turner syndrome (TS).

Design and Methods: This was a cross-sectional correlational study conducted in
TS subjects (>20 years old; n = 38). A standard 2-h oral glucose tolerance test was
performed in both women with TS and the reference group. Glucose, lipids, insulin, and
C-peptide concentrations were measured. Homeostasis Model Assessment (HOMA) of
Insulin Resistance, Quantitative Insulin Sensitivity Check Index, McAuley, Matsuda, and
Belfiore indices were calculated to evaluate the degree of insulin resistance (IR). The
pancreatic β-cell function was assessed using HOMA-β, basal C-Peptide Index (CPI),
and CPII at 120′.

Results: A higher prevalence of impaired glucose tolerance was found in TS subjects
compared with the reference group. Although significant differences were found for
glucose concentrations at 60′ and 120′ (but not at 0′), only the baseline insulin
concentrations differed significantly between the two groups. The values of the IR indices
were statistically different between study and reference groups. A significant number of
TS subjects diagnosed with IR were differently classified according to the index applied.
The concentrations of C-peptide at 0′ and 120′ of TS subjects were similar to those of the
control group. In contrast, the CPI and CPII values in the study group were significantly
lower than those in the control group.

Conclusion: It is impossible to select the best surrogate method for the assessment
of IR in women with TS. The CPI and CPII values could be preferable to other indices
to assess the pancreatic β-cell function in TS subjects. Our findings suggest that IR
and pancreatic β-cell dysfunction could be independent events in women with TS, and
both conditions seem to be caused by the disease per se. Our results imply that early
screening and intervention for TS would be therapeutic for TS women.

Keywords: glucose metabolism, impaired glucose tolerance, insulin resistance indices, obesity, overweight,

pancreatic β-cell function, Turner syndrome
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INTRODUCTION

Turner syndrome (TS) is the result of a missing or structurally
abnormal second sex chromosome associated with several
clinical features of variable expressivity that may include
dysmorphic stigmata, short stature, gonadal failure, sexual
infantilism, and renal, cardiac, skeletal, and other endocrine
and metabolic abnormalities. Endothelial dysfunction, impaired
glucose tolerance (IGT), insulin resistance (IR), dyslipidemia,
and arterial hypertension may lead to the development of
type 2 diabetes mellitus (T2DM), metabolic syndrome, and
cardiovascular disease (stroke and myocardial infarction) (1).
The life expectancy in TS is reduced by at least 10 years due
principally to a 3-fold increase in the risk of mortality from
cardiovascular disease (2, 3). An altered insulin secretion appears
to be a key factor of such comorbidities in TS. However, of
the few studies that address insulin secretion in TS, some
demonstrate hyperinsulinemia, and others suggest a decreased
insulin secretion (4). Also, ∼40% of adult patients with TS
are affected with components of metabolic syndrome, especially
dyslipidemia (5–7) and IR (8, 9), which are worsened by the
coexistence of overweight/obesity (10). Nevertheless, there are
conflicting results of pancreatic β-cell function and IR in women
with TS (4).

The oral glucose tolerance test (OGTT) was recommended
by the International Turner Syndrome Consensus Group (2017)
for screening glucose homeostasis disorders in women with
TS if hemoglobin A1c (HbA1c) is elevated because they are
at high risk of developing IGT (50%) due to a combination
of impaired insulin secretion and IR (11). However, the best
method of assessment of IR in TS subjects has not been
defined. Euglycemic–hyperinsulinemic clamp technique (12) is
well documented as the gold standard for assessment of IR, but
it is too laborious, time-consuming, expensive, and technically
complicated. The OGTT has been reported to be superior to
other tests (hemoglobin A1c levels, fasting or postprandial blood
glucose concentrations) to detect early abnormalities of glucose
metabolism in these patients (4, 13). Therefore, in this study, the
objectives were to assess insulin sensitivity and pancreatic β-cell
function in an adult population of Ecuadorian individuals with
TS. Also, we compared the indices of IR derived from fasting
concentrations values [insulin plus glucose and insulin plus
triglycerides (TAGs)] such as Homeostasis Model Assessment of
Insulin Resistance (HOMA-IR), Quantitative Insulin Sensitivity
Check Index (QUICKI), and the McAuley index. Likewise, we
wanted to contrast the aforementioned indices of IR with indices
of IR derived from glucose and insulin measurements during the
75 g OGTT, such as Matsuda and Belfiore indices. Similarly, to
evaluate the pancreatic β-cell function in this group of subjects
with TS, we have used the HOMA-β and C-peptide indices.

MATERIALS AND METHODS

Design Study and Study Subjects
This was a cross-sectional correlational study carried out in
the School of Biology, Central University of Ecuador, Quito,
Ecuador. The study protocol was reviewed and approved by
the Ethics Committee for Research in Human Subjects of the

Central University of Ecuador. Unrelated adult Ecuadorian TS
patients (>20 years old; n = 38) were recruited through the
Ecuadorian Foundation in Support of Turner Syndrome. They
were contacted using letters, e-mails, and telephone calls and
subsequently underwent a comprehensive health examination
between January and November 2017. None of the subjects had
received treatment with growth hormone or anabolic steroids.
All except two patients had received conventional sex hormone
replacement therapy (HRT). The age at which HRT was started
was 17.9 ± 5 years. Of the 38 patients who constituted the
study group, 21 (55%) received HRT for more than 5 years. The
remaining 18 subjects were either poorly or irregularly treated
(<2 years; range= 6months to 7.3 years). Hormone replacement
therapy was discontinued 4 weeks before their assessment. To
ensure a comparable reference group, we prospectively recruited
all TS subjects first, and then a match among reference group
subjects was sought. This recruitment strategy yields 38 healthy
women (20–49 years) volunteered matched by body mass index
(BMI) and age. These volunteers were required to be free of
significant medical illnesses and not to be taking any medication
known to affect body weight or metabolic processes. All these
women had regular menstrual cycles and had not been treated
with or were presently receiving HRT or glucocorticoid therapy.

An appointment was given for each subject during which
clinical evaluation and anthropometric measurements were
performed and recorded by a single experienced physician (F.
A.-N.) according to a standard protocol described elsewhere
(10). Each participant was tested individually. Information
regarding medical, personal, family, and dietary was obtained
in the form of a questionnaire. The data collection was
conducted in the morning after an overnight fast of at
least 12 h. Systolic and diastolic blood pressures (SBP and
DBP, respectively) were measured in each subject using an
automated sphygmomanometer monitor (Omron Healthcare
Inc., Bannockburn, IL, USA) on the left arm with an appropriate
cuff size and in the sitting position, following 10min of rest.
Two readings at 5-min interval were obtained and averaged to
determine SBP and DBP for each individual. If the two readings
differed by more than 10mm Hg, additional readings were
obtained, and the last additional two readings were averaged.

Blood Collection and Oral Glucose
Tolerance Test
After a 10-h overnight fast, a total of 10mL fasting venous blood
samples for measuring serum biochemical and lipid profiles were
obtained from each subject before the flavored glucose load.
Serum and plasma were immediately separated. Then, a standard
2-h OGTT was performed in both TS and reference groups with
75 g glucose load at 08:00 h. Blood samples were obtained from an
antecubital vein with three-point at the predetermined intervals
(0, 60, and 120 min).

Analytical Methods
The plasma glucose and serum lipids [total cholesterol (TC),
high-density lipoprotein cholesterol (HDL-c), and TAGs]
were immediately measured using commercially available kits
with the enzymatic reference method on an autoanalyzer
spectophotometer (Humalyzer 3000; HUMAN, Wiesbaden,
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Germany). Low-density lipoprotein cholesterol (LDL-c) was
derived from the lipids measured using the Friedewald
equation. The rest samples were immediately put on at
room temperature, centrifuged (2,500 revolutions/min) at
4◦C for 30min to separate sera, and stored at −80◦C for
measurement of insulin and C-peptide. Insulin and C-peptide
levels were measured by electrochemiluminescence analysis
using a commercially available kit (Cobas 6000 Chemistry
Analyzer; Roche Diagnostics, Indianapolis, IN, USA). Body fat
assessment by bioelectrical impedance analysis was estimated
using a segmental two-frequency bioimpedance analyzer (Inbody
120; Biospace Industry, Seoul, South Korea) by a trained
investigator (F.A.N.) according to a standard protocol described
elsewhere (10).

Definitions
The diagnosis of TS was established by lymphocyte chromosomal
analysis in combination with the presence of typical clinical
features. The nutritional status classification was performed
using BMI, according to the cutoffs indicated by the World
Health Organization (14). Thus, all participants were classified
as overweight/obese (≥25 kg/m2) or lean (≥18.5 < 25kg/m2).
Essential arterial hypertension was defined by SBP ≥130mm Hg
or DBP ≥85mm Hg or taking antihypertensive medication with
no identifiable cause. Metabolic syndrome was diagnosed using
the International Diabetes Federation criteria, which requires the
presence of (1) central obesity (defined as waist circumference
≥80 cm) plus any two of the following four factors: (2) fasting
plasma glucose 5.6 mmol/L (100 mg/dL); (3) HDL-c level <1.29
mmol/L (<50 mg/dL); (4) TAGs ≥1.7 mmol/L (>150 mg/dL) or
specific treatment for this; and (5) blood pressure ≥130/85mm
Hg or treatment of previously diagnosed hypertension (15).
Subjects were defined as having impaired fasting glucose (IFG)
if fasting plasma glucose concentration was from 5.6 mmol/L
(100 mg/dL) to 6.9 mmol/L (125 mg/dL) and/or IGT if 2-h post–
glucose plasma glucose level was ≥7.8–11.0 mmol/L (140–199
mg/dL, respectively) according to the diagnostic criteria from
American Diabetes Association. Subjects were divided into two
groups with (a) normal glucose tolerance (NGT) (IFG and IGT
negative) and (b) with IFG and/or IGT positive.

To evaluate the degree of IR, several indexes derived from
either fasting or OGTT-stimulated concentrations of glucose,
insulin, and TAGs were used:

(1) Homeostatic Model Assessment of Insulin Resistance Index
(HOMA-IR) was calculated using the equation:

fasting insulin concentration (µIU/mL) × fasting glucose
concentration (mmol/L)

22.5

(2) Quantitative Insulin Sensitivity Check Index was determined
according to the following formula:

1

log fasting insulin concentration+ log fasting glucose
concentration

(3) McAuley index was measured according to the formula:

exp

[2.63 − 0.28log(fasting insulin concentration (µIU/mL))
− 0.31log(fasting triglyceride concentration (mmol/L))]

(4) Matsuda index was calculated according to the formula:

10, 000
√

[fasting glucose (mg/dL) × fasting insulin (µU/L)
×[MPG×MSI during OGTT]

where MPG (mg/dL) is mean plasma glucose OGTT, and MSI
(µIU/mL) is mean serum insulin during OGTT.

(5) Belfiore index was calculated from changes in plasma glucose
and serum insulin using the equation:

2

(1/(AUC insulin × AUC glucose)) + 1

where AUC is the values of the area under curve insulin
(µIU/mL) and glucose (mmol/L) concentrations in the course of
OGTT, respectively.

The pancreatic β-cell function was evaluated using the
formulas of Hovorka et al. with some modifications.

(1) The HOMA-β index, which was calculated using the
following equation:

20× fasting insulin (mU/mL)

(fasting plasma glucose (mmol/L)− 3.5)

(2) The C-Peptide Index (CPI), which represents the ability of
fasting glucose to stimulate pancreatic β-cell secretion (fasting
pancreatic β-cell responsiveness), was determined according
to the following formula:

100× fasting C− peptide (ug/L)

fasting glucose concentration (mg/dL)

(3) The CPII index, which represents the ability of postprandial
glucose to step up pancreatic β-cell secretion, was calculated by

100× [120′ C− peptide(ug/L) during OGTT − fasting C
− peptide (ug/L)]

120′ glucose concentration (mg/dL)during OGTT − fasting
glucose concentration (mg/dL)

According to different indices, the following thresholds defined
IR state among study and reference group subjects: HOMA-IR≥

2.5, QUICKI≤0.339, McAuley index≤ 5.8, Matsuda index≤ 4.6,
and Belfiore index ≥1.23 (16–18).

Statistical Analysis
Data were analyzed using IBM SPSS Statistics 19.0 (SPSS
Inc., Chicago, IL, USA) and GraphPad InStat 7.00 (GraphPad
Software, Inc., La Jolla, CA, USA). The general features of
the participants are described as number of cases and mean
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and standard deviations unless otherwise mentioned. Results
as determined by 95% confidence intervals (95% CIs) and
P < 0.05 were considered to be statistically significant. The
prevalence of metabolic syndrome, overweight/obesity, IGT, and
IR were indicated as percentages. To compare the proportions
of categorical variables, the two-proportion Z test was used.
After checking the normality of the quantitative variables with
the Kolmogorov–Smirnoff or the Shapiro–Wilk tests (P < 0.05),
a Student t-test was performed to compare means between
groups for continuous variables. Conversely, when the variables
did not fit into the criteria of normality, they were expressed
as median (range), and a Mann–Whitney U test was carried
out. Likewise, the association between quantitative variables
was examined using Pearson or Spearman correlation analysis
depending on the distribution assumed by the data. The degree
of agreement or concordance between the IR indices derived
from fasting concentration values and glucose and insulin levels
during OGTT was reported by using the Cohen κ coefficient
with 95% CIs, with levels of agreement interpreted according to
Landis and Koch (19), κ < 0.40, 0.41–0.60, 0.61–0.80, and 0.81–
1.00 to considered fair, moderate, substantial, and almost perfect
agreement, respectively. Bivariable linear regression analysis
was performed to identify independent influencing factors for
pancreatic β-cell function in TS subjects by a marginal statistical
significance P < 0.2. These independent variables (age; waist
circumference; fat mass; glucose and insulin concentrations at
0′, 60′, and 120′; and HOMA-IR) were considered candidate
variables and exported to a multiple linear regression model
with HOMA-β as the dependent variable to assess the magnitude
of their individual effect on the pancreatic β-cell function and
for controlling the possible effect of confounders. In the final
multivariable model, P < 0.05 for two-sided tests was set as the
level of significance.

RESULTS

Clinical, Anthropometric, and Biochemical
Features of the Study Group and
Reference Groups
The anthropometric and metabolic variables of TS and reference
groups are described in Table 1. Although no significant
difference was found for BMI between both groups, weight and
waist circumference, TAGs, TC, LDL-c, fat mass, percentage of fat
mass, and the free fat mass–to–fat mass ratio in the study group
were significantly greater than those in the reference group.

The prevalence of overweight/obesity was similar between
both groups (two-proportion Z test P > 0.05, 95% CI = −0.18
to 0.3). Although the prevalence of IR (according to HOMA-IR)
was similar between both groups (two-proportion Z test P> 0.05,
95% CI = 0.34–2.92), a higher prevalence of IGT was found in
TS subjects compared with the reference group (two-proportion
Z test P < 0.05, 95% CI = 0.428–0.105). Significant differences
for fasting glucose (P < 0.022) and insulin (P < 0.004), and
HOMA-IR (P < 0.005), Matsuda (P < 0.004), and QUICKI (P <

0.001) indexes were found between TS women when they were
categorized according to their nutritional status (<25 or ≥25

TABLE 1 | Clinical and metabolic features of TS subjects and reference group.

TS Subjects Reference Group P-value

n 38 38

Age (years) 29.23 ± 8.09 29.81±4.7 0.936

Height (cm) 139 ± 0.04 148 ± 0.01 <0.0001

Weight (kg) 51.01 ± 14.14 54.08 ± 9.08 0.0406

BMI (kg/m2) 26.17 ± 7.41 24.72 ± 3.89 0.813

Triglycerides (mg/dL) 158.9 ± 67.75 117.87 ± 58.06 0.0071

Total cholesterol
(mg/dL)

245.90 ± 38.13 180.99 ± 23.39 <0.0001

LDL-c (mg/dL) 203.69 ± 60.43 101.71 ± 19.64 <0.0001*

HDL-c (mg/dL) 60.68 ± 17.73 55.70 ± 13.19 0.4508

Glucose 0′ OGTT
(mg/dL)

81.68 ± 10.28 79.36 ± 6.93 0.3088*

Glucose 60′ OGTT
(mg/dL)

132.65 ± 39.91 90.71 ± 1.06 <0.0001*

Glucose 120′ OGTT
(mg/dL)

118.50 ± 33.46 85.26 ± 15.37 <0.0001*

Insulin 0′ OGTT
(µU/mL)

12.09 ± 8.62 9.18 ± 6.42 0.008

Insulin 60′ OGTT
(µU/mL)

90.06 59.85 74.29 ± 54.09 0.1393

Insulin 120′ OGTT
(µU/mL)

85.57 ± 56.70 78.24 ± 75.03 0.3994

C-peptide 0′ (ng/mL) 2.58 ± 1.34 1.99 ± 0.97 0.0528

C-peptide 60′ (ng/mL) 8.66 ± 3.12 7.17 ± 2.31 0.0369

C-peptide 120′ (ng/mL) 9.20 ± 3.39 7.16 ± 2.9 0.0963

HOMA-IR 2.57 ± 2.09 2.18 ± 1.22 0.8476

HOMA-β 265.18 ± 83.74 332.38 ± 42.40 0.7227

Matsuda index 5.57 ± 3.72 6.14 ± 3.39 0.3671

QUICKI index, % (n) 0.35 ± 0.04 0.34 ± 0.03 0.7695*

Metabolic syndrome 42.1 (16) (0.2–0.5§) 13.33 (4) (0.05–0.3§) <0.05***

Overweight/obesity 42.11 (16) (0.28–0.61§) 50 (15) (0.33–0.67§) >0.05**

Insulin resistance 33.33 (10) (0.2–0.5§) 33.33 (10) (0.2–0.5§) >0.05**

Impaired glucose
regulation

26.6 (8) (0.1–0.44§) 0 (0.0–0.113§) <0.05**

*Student t-test. **Two-proportion Z test. § 95% confidence intervals. Insulin Resistance
is defined by HOMA-IR = ≥ 2.5. BMI, body mass index; HDL-c, high-density lipoprotein
cholesterol; LDL-c, low-density lipoprotein cholesterol; OGTT: oral glucose tolerance test,
TC, total cholesterol.

kg/m2). The concentrations of C-peptide at 0′ and 120′ of TS
subjects were similar to those of the control group (Table 1). In
contrast, the CPI values in the study group were significantly
lower than those in the control group [median = 0.89 (range =
0.67–1.56) vs. 1.53 (0.89–1.98), P = 0.01]. Similarly, the values
of CPII in the study group were significantly lesser than those in
the reference group [median = 1.57 (range = 0.67–1.56) vs. 5.23
(0.89–1.98), P = 0.0001, 95% CI= 1.093–20.7].

During OGTT, the maximum glucose and insulin
concentration peak was found at 60′ for both the study
group and the reference group. Although the study group
maintained higher glucose and insulin values than the reference
group over time (0′, 60′, and 120′), there were only significant
differences for glucose concentrations at 60′ and 120′ (P
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< 0.001). Also, TS subjects with overweight/obesity (≥25
kg/m2) showed higher glucose values at 60′ and 120′ than
those found for lean TS individuals (P < 0.0001) or the two
reference subgroups (P < 0.0001). When the four subgroups
(subcategorized according to BMI) were compared, baseline
glucose concentrations did not differ significantly between the
four subgroups. However, significant differences were found
in the plasma glucose concentration at 60′ and 120′ between
the different subgroups analyzed (P < 0.0001). In contrast,
although baseline serum insulin concentrations between the
two subgroups of individuals with TS differed significantly,
insulin levels at 60′ and 120′ between the four subgroups were
similar. As expected, both in the study and reference groups,
there was a significant correlation between the general adiposity
variables (weight and BMI) and IR indices. However, HOMA-β
weakly correlated (weight) or not correlated (BMI) with these
anthropometric adiposity variables (r= 0.38; P < 0.037; r= 0.34;
P < 0.063, respectively) in TS subjects.

Correlation Between Different Insulin
Resistance Indices in the TS Group
The values of 60′ or 120′ glucose concentrations during the
OGTT were correlated positively with HOMA-IR (r = 0.35, P <

0.032, and r = 0.397, P < 0.021, respectively) and negatively with
the Matsuda index (r = −0.512, P = 0.004, and r = 0.478, P <

0.008, respectively) in TS subjects. Spearman rank correlations
between IR indices derived from fasting values of glucose and
insulin and/or TAGs and OGTT in TS subjects are presented
in Table 2. Among the former, a high degree of correlation
between HOMA vs. QUICKI, (r = −0.994, P < 0.0001) and
HOMA-IR vs. McAuley (r=−0.835) was detected. In addition, a
moderate correlation betweenOGTT-derived IR indices (Belfiore
vs. Matsuda index, r = −0.748) was also observed. By contrast,
the correlation between IR indices based on fasting values
and OGTT was highly variable, ranging from high correlation
between HOMA-IR andMatsuda index (r=−0.953, P < 0.0001)
and QUICKI and Matsuda index (r = −0.959, P < 0.0001),
through moderate correlation between McAuley and QUICKI (r
= 0.784), HOMA-IR, and Belfiore (0.745) or Belfiori vs. QUICKI
(r =−0.692).

The prevalence of IR was highly variable in the study
group according to HOMA-IR (42.1%), QUICKI (44.7%),
Belfiore (51.2%), or Matsuda (55.3%) indices. A broad range of
concordance was found between fasting or OGTT-stimulated
indices. Thus, if IR was defined according to HOMA-IR (cutoff
= ≥2.5), 97.4% (16/17, κ = 0.946) of the subjects in the study
group had also IR as reported by QUICKI (cutoff = ≥0.34),
considered as an almost perfect agreement. Besides, if IR was
considered according to the Matsuda index (cutoff = ≥4.6),
88.9% (16/18, κ = 0.918) of TS individuals was also IR as stated
in the Belfiore index (cutoff = 1.23). Conversely, a lower but
substantial concordance was found when the IR indices based on
fasting glucose and insulin concentrations were contrasted with
those based on the OGTT concentrations. For example, 76.19%
(16/21) of TS subjects with IR according to the HOMA-IR were
not considered IR if the Matsuda index was applied (κ = 0.741).

Insulin Sensitivity vs. Pancreatic β-Cell
Function in TS Subjects
In TS subjects, HOMA-IR values showed a wide range of IR from
0.3 to 7.2. Similarly, HOMA-β values ranged from 33.7 to 525.6%
in TS subjects, indicating a broad range of insulin secretion. A
significant (P < 0.018) but only moderate correlation (r = 0.43)
between HOMA-IR and HOMA-β was found in the study group.
Thus, elevated IR with an increasing (compensatory) insulin
secretion was demonstrated. However, in the TS subject group,
this correlation was lower (r = 0.429) than that observed in the
reference group (r = 0.487, P < 0.0006).

Because the pancreatic β-cell function may be influenced by
a variety of factors, a multiple linear regression analysis was
performed with HOMA-β as the dependent variable and age,
height, weight, BMI, fat mass, the HOMA-IR index, and glucose
and insulin concentrations at 0′, 60′, and 120′ as independent
variables. Because of a strong correlation between HOMA-IR and
QUICKI indices (r = −0.994) in TS subjects, only HOMA-IR
was added to this model as an IR index. The model explained
a part of the variance of the HOMA-β with adjusted R2 values of
0.687. Approximately only 20% of the total variation in HOMA-
β can be explained by the HOMA-IR index (R2 = 0.192, P
< 0.02). Also, on stepwise multivariable regression, HOMA-IR
and glucose concentration at 0′, 60′, and 120′ were independent
factors for HOMA-β in TS subjects, but after adjusting the model
for fasting glucose concentration, the influence of HOMA-IR on
HOMA-β decreased [standardized regression coefficient (β) =
0.237, P < 0.0487].

DISCUSSION

Adult TS subjects are susceptible to IGT and T2DM (8, 20–22).
The prevalence of IGT in TS patients is ∼10 to 34% (4), which
is higher than that in the healthy population. In a study of 103
TS subjects, the prevalence of IGT and T2DM was reported in
7.48 and 1.9%, respectively (5). In our study, IGT was found
in 18 and 38% of lean and overweight/obese TS individuals,
respectively, with a global prevalence of 27%. No individual
in the reference group had glucose metabolism abnormalities.
Subjects with T2DM were excluded from our study. Thus, a
higher prevalence of IGT was observed in the present study
compared to those previously reported in the literature. This may
be due to the different age ranges, ethnic origin, and a higher
BMI reported in our study. We included only TS subjects ≥20
years of age in our study. In studies in TS subjects with a wide
age range, the prevalence of IGT is lower. Our reference group
was age- and BMI-matched with the study group. Although
overweight/obesity is a well-known risk factor for IRG, BMI did
not explain the higher glucose levels during OGTT found in our
study group compared with the reference group.

Our results suggest that the HOMA-IR and Matsuda indices
may represent a good alternative combination to the euglycemic–
hyperinsulinemic clamp in the assessment of IR in TS. Because
of a good correlation between these two indices (r = −0.748),
it is reasonable to think that this combination is the best
instrument to evaluate IR in TS. However, some caution should
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TABLE 2 | Correlation between insulin resistance indices in subjects with Turner syndrome.

HOMA-IR QUICKI McAuley index Matsuda index Belfiore index HOMA-β

HOMA-IR — −0.9937 −0.803 −0.9531 −0.811 0.4342

QUICKI <0.0001 — 0.792 0.9599 0.692 −0.4165

McAuley index <0.0001 <0.0001 — 0.750 0.626 −0.148

Matsuda index <0.0001 <0.0001 <0.0001 — 0.917 −0.4136

Belfiore index <0.0001 <0.0001 <0.0001 <0.0001 — −0.403

HOMA-β 0.0165 0.022 0.434 0.023 0.027 —

Spearman correlation coefficients are above the diagonal; P-values for each pairwise correlation are below the diagonal.

be considered. TheMcAuley index had a strong linear correlation
with both HOMA-IR and QUICKI, suggesting that it can be used
together with other indices to assess IR in TS subjects in a clinical
context. Also, the Belfiore index and HOMA-IR had similar
correlations with the Matsuda index (r= −0.744 and 0.748,
respectively). In addition, the presence of a good correlation
does not necessarily mean that HOMA-IR and Matsuda indices
have the best performance predictive in diagnosing IR in our TS
patients because there were some borderline values in a relatively
small group of TS individuals in our study. Additionally, the
correlation coefficients of the Matsuda index with QUICKI (r
= 0.9599 vs. −0.954) and the McAuley index (r = 0.795 vs.
0.758) are stronger than those observed with HOMA-IR, which
were also calculated from fasting concentrations. Finally, varying
correlation and agreement were found between IR indices based
on fasting concentrations and those calculated on OGTT values.
Consequently, the assessment of IR in TS subjects produced
significantly different results according to the method applied
(fasting vs. OGTT concentrations). Furthermore, our findings
revealed that a significant number of our TS patients were
differently classified according to the indices applied. Thus, it is
impossible to select the best surrogate method for the assessment
of IR in women with TS. Therefore, the utilization of any
surrogate IR indices in the clinical scenario of TS must be viewed
with extreme caution.

Several studies have examined the sensitivity or secretion
of insulin in TS. Insulin resistance is clearly found in many
subjects with TS (8, 9, 23). However, different results have been
reported, depending on whether insulin sensitivity was assessed
from the fasting concentration or in the postabsorptive state.
On the other hand, whereas some studies have demonstrated a
decreased insulin secretion (9, 24), other studies have reported an
increased insulin secretion in TS compared with normal subjects,
probably as compensation for IR (25, 26). Thus, although several
studies have examined insulin sensitivity or pancreatic β-cell
function in TS, thus far, the results are equivocal. A possible
confounding factor is that these studies fail to adjust insulin
secretion to the prevailing degree of IR. Although compensatory
hyperinsulinemia may be detected, it may not be appropriately
elevated to match the degree of IR. Also, insulin secretion
and insulin sensitivity have been shown to have a hyperbolic
association (27). Therefore, it is necessary to adjust the insulin
secretion for IR to accurate interpretation of the pancreatic β-cell
function. In contrast to several studies examining the sensitivity

or secretion of insulin in TS, to the best of our knowledge, this
is the first study that explores the relationship between insulin
sensitivity (HOMA-IR) and pancreatic β-cell function (HOMA-
β) in TS subjects. We tested the association between HOMA-
IR and HOMA-β rather than comparing mean values. Because
the pancreatic β-cell function, measured by HOMA-β, may be
influenced by a variety of factors, we performed a multiple
linear regression analysis with the variables showing correlation
(age, waist circumference, fat mass, fasting glucose, and insulin
concentrations at 0′, 60′, and 120′, HOMA-IR). Overall, the
model explained a large part of the variance of the pancreatic
β-cell function with adjusted R2 values of approximately 0.7.
However, the influence of BMI was not significant in the model.
Also, the model remained explaining much of the variance of the
pancreatic β-cell function when it was adjusted by HOMA-IR.

As the BMI does not seem to be an independent factor
of the pancreatic β-cell function in our study, we did find
an increased but insufficient insulin secretion both in lean
and overweight/obese TS subjects in our study. These findings
reinforce the idea that despite having a compensatory response to
glucose overload during OGTT, insulin secretion is not enough
to maintain adequate glucose levels at 60 and 120min. Thus,
a higher IR with a lower insulin secretion seems to indicate
a declining pancreatic β-cell function in our TS subjects. We
cannot prove whether these findings are a reflection of an
evaluation carried out at an early stage of the disorder, because
the study group was represented by women with 29.23 ± 8.09
years. However, our findings suggest that a decrease in insulin
secretory response observed in our TS subjects is an underlying
mechanism that can lead to T2DM in a short time.

In the clinical setting, HOMA-β and insulinogenic indices are
usually used to measure the pancreatic β-cell function (28, 29).
However, the insulin reserve cannot be accurately estimated on
the insulin levels because of its pulsatile release pattern and
short half-life. The pancreatic β-cell area has been reported to
correlate with the C-peptide–to–glucose ratio calculated from
the concentrations of 75 g OGTT but not with HOMA-β (30).
C-peptide is produced in equimolar amounts to endogenous
insulin, but unlike insulin, this is subject to neither hepatic nor
significant peripheral degradation as is mainly removed by the
kidneys. Thus, C-peptide can be used to assess the pancreatic
β-cell function. The increment of C-peptide immunoreactivity
level in the glucagon test is probably the most accurate test
to evaluate insulin reserves as has the advantage of being a
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more reproducible stimulus and having much faster action on
pancreatic β cells (31). However, the OGTT has the advantage
of being a better physiological stimulus, avoiding the side effects
of glucagon. Besides, compared with the fasting C-peptide level,
the C-peptide level at 120′ during OGTT is more capable of
representing the maximal pancreatic β-cell secretory capacity
(32). In our study, the metabolic variables representing the ability
of fasting glucose to stimulate β-cell secretion, such as fasting
C-peptide, postprandial insulin, and C-peptide, were similar
between the study and reference groups. However, the CPI and
CPII indices indicating the ability of postprandial glucose to
step up pancreatic β-cell secretion differed significantly between
the two groups. This seems to indicate that the higher levels
of basal insulin in our TS subjects represent a diminution of
peripheral insulin sensitivity rather than a conserved function of
the pancreatic β-cells.

The observed variability in correlation coefficients between
insulin sensitivity indices calculated from the fasting
concentration and those based on OGTT in women with
TS led us to ask whether the relationship between HOMA-IR
and HOMA-β (a good measure of pancreatic β-cell function)
was different between TS and reference subjects. A Spearman
correlation showed a significant but moderate association
between HOMA-IR and HOMA-β both TS and reference
subjects (0.429 vs. 0.487, respectively). The lower effect of
HOMA-IR on HOMA-β in our TS subjects indicates that a given
increase in HOMA-IR leads to a lesser raising in HOMA-β in TS
subjects than in the reference group. Although this difference
is minimal, it should also be considered that a significant
difference between plasma concentrations of glucose at 60′

and 120′ was found between both groups and that the serum
concentrations of insulin during OGTT were similar between
the study and reference groups. Thus, all these findings suggest
that the pancreatic β-cell function is inadequate. Therefore, our
TS individuals seem to have an increased risk of the pancreatic
β-cell exhaustion and the development of T2DM. Type 2
diabetes mellitus develops when the pancreatic β cells become
“exhausted” and cannot secrete adequate amounts of insulin to
preserve normoglycemia in an increasing IR environment. All
these altered mechanisms seem to be present in our TS subjects.

Circulating insulin levels at 60′ and 120′ were similar when
our TS subjects were compared according to their glucose
metabolism status. However, significant differences were found
in the plasma glucose concentration at 60′ and 120′ between
our TS subjects with or without IGT. This contrasts with the
findings in glucose concentration during OGTT in our TS
subjects when they were discriminated by BMI. In this scenario,
only a significant difference in basal glucose concentration was
found between both groups. In addition, TS subjects with IGT
showed basal circulating insulin levels similar to those found
in NGT-TS subjects. Furthermore, no significant difference was
found in serum levels of insulin at 60′, and 120′ during OGTT
between lean TS women and overweight/obese TS subjects. Thus,
in our TS subjects, an NGT or lean status did not mean that
insulin secretion was normal. This probably reflects early IR,
and plasma glucose concentration is maintained to a certain
degree. Not only do all these findings reflect a lower insulin

sensitivity in our TS individuals, but also increased insulin levels
are not enough to maintain normal glucose homeostasis. Thus,
IR and β-cell dysfunction could be independent events in women
with TS, and both conditions seem to be caused by the disease
itself. This may be the result of deletions of some genes related
to insulin signal transduction and pancreatic β-cell function
located on the X chromosome. Bakalov et al. (21) observed that
the long arm of the X chromosome (iXq) is associated with
a higher incidence of T2DM as compared to the 45,X group.
A proposed explanation for this increased risk could be that
haploinsufficiency for unknown Xp gene(s) constitutes a “first
hit” that causes the basic deficit in pancreatic β-cell function seen
in 45,X patients. Excess dosage of Xq genes in isochromosome
Xq may provide a “second hit” that exacerbates the deficit,
perhaps by altering other genes involved in pancreatic β-cell
development and function or survival, and/or by stimulating low-
grade chronic autoimmunity that injures but does not obliterate
the pancreatic β-cells. However, so far, such mechanisms have
not been demonstrated, and potentially involved genes have not
been identified. An alternative hypothesis is that both conditions
(IR plus pancreatic β-cell dysfunction and TS) are comorbidities
caused by a common factor. The cell cycle delay hypothesis
states that a retarded cell cycle due to aneuploidy will reduce the
number of cell cleavages per time units (33). Therefore, there
will not be enough time for pancreatic β cells to develop fully
and to grow to their optimal function. Also, a retarded cell cycle
might origin a disturbed intracellular metabolism in general as
a result of unbalanced gene content. No association was found
between IR or pancreatic β-cell dysfunction and karyotype in
our study.

Several limitations of our study should be considered.
Sufficiently large sample size will be needed to reach reliable
conclusions. Also, the cross-sectional nature of our study
prevents us from delineating pathogenic interpretations of our
findings. A longitudinal evaluation of the capacity of IR indexes
to predict β-cell decompensation in adult TS individuals is
warranted. Although statistically significant differences were
determined between the TS subjects and the reference group and
between NGT-TS and IGT-TS, caution should be considered.
We applied the Kruskal–Wallis test with post hoc correction
to multiple comparisons to reduce the chances of obtaining a
type I error. Also, the TS group with IGT was small, which
prevented us from detecting relevant features of this group.
Besides, we were unable to establish cutoff points by percentiles
for defining IR to each index. We cannot apply percentile
distribution for IR indices derived from other populations
(e.g., Caucasian) as this may be very different because our
data have been obtained from an entirely Latin American
population, and a broad variability in the concordance analysis
of selected IR indices was found in our study. As well, we
cannot generalize the conclusions to other ethnic populations.
Lastly, although euglycemic–hyperinsulinemic clamp and the
intravenous glucose tolerance test with minimal modeling
techniques are more accurate than OGTT, this latter is
much more physiological than the intravenous tests, mainly
because glucose sensors disseminated by the gastrointestinal
tract take part in insulin secretion (34). In addition, studies
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have shown that OGTT is superior to other tests for the
diagnosis of early abnormalities of glucose metabolism in these
patients (4, 11, 13).

In summary, a broad variety of correlation coefficients
between methods based on fasting data of glucose and insulin
vs. methods of OGTT-derived values was found in our study.
Consequently, adult TS subjects diagnosed with IR by one
method might not have equally IR if diagnosed by another
method. Therefore, it is impossible to select the best surrogate
method for the assessment of IR in women with TS. Based on
our findings of OGTT, CPI and CPII values could be preferable
to other indices to assess the pancreatic β-cell function in TS
patients in a clinical setting. Lastly, an impaired β-cell function
was observed in our cohort of TS subjects both in lean and
overweight women with TS, as estimated by adjusting for IR.
Our findings suggest that the compromised pancreatic β-cell
function in TS subjects might differ from that seen in obese
women without TS. Thus, an important question raises whether
TS per se could account for the development of IGT or T2DM.
Because this defect was not associated with BMI in our patients, it
may be caused by intrinsic factors of TS. Our findings imply that
early screening and intervention for TS would be therapeutic for
TS women.
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Establishment of Clinical Prediction
Model Based on the Study of Risk
Factors of Stroke in Patients With
Type 2 Diabetes Mellitus
Rong Shi, Taotao Zhang, Hui Sun and Fan Hu*

School of Public Health, Shanghai University of Traditional Chinese Medicine, Shanghai, China

Purpose: Stroke has sparked global concern as it seriously threatens people’s life,

bringing about dramatic health burdens on patients, especially for type 2 diabetesmellitus

(T2DM) patients. Therefore, a risk scoring model is urgently valuable for T2DM patients

to predict the risk of stroke incidence and for positive health intervention.

Methods: We randomly divided 4,335 T2DM patients into two groups, training set

(n = 3,252) and validation set (n = 1,083), at the ratio of 3:1. Characteristic variables

were then selected based on the data of training set through least absolute shrinkage

and selection operator regression. Three models were established to verify predictive

ability. Foundation model was composed of basic information and physical indicators.

Biochemical model consisted of biochemical indexes. Integrated model combined the

above two models. Data of three models were then put into logistic regression analysis

to form nomogram prediction models. Tools including C index, calibration plot, and

curve analysis were implemented to test discrimination, calibration, and clinical use. To

select the best predicting model, net reclassification improvement (NRI) and integrated

discrimination improvement (IDI) were put into effect.

Results: Eleven risk factors were determined, including age, duration of T2DM,

estimated glomerular filtration rate, systolic blood pressure, diastolic blood pressure,

low-density lipoprotein, high-density lipoprotein, triglyceride, body mass index, uric acid,

and glycosylated hemoglobin A1c, all with significant P-values through logistic regression

analysis. In the training set, areas under the curve of three models were 0.810, 0.819,

and 0.884, whereas in the validation set, they were 0.836, 0.832, and 0.909. Through

calibration plot, the S:P values in the training set were 0.836, 0.754, and 0.621 and

were 0.918, 0.682, and 0.666 separately in the validation set. In terms of the decision

curve analysis, the risk thresholds were, respectively, 8–73%, 8–98%, and 8%∼ in the

training set and 8–70%, 8–90%, and 8–95% in the validation set. With the aid of NRI

and IDI, integrated model is proved to be the best model in training set and validation

set. Besides, internal validation was conducted on all the subjects in this study, and the

C index was 0.890 (0.873–0.907).

Conclusion: This study established a model predicting risk of stroke for T2DM patients

through a community-based survey.

Keywords: stroke, type 2 diabetes mellitus, risk factor, prediction model, external validation, dynamic nomogram
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INTRODUCTION

Type 2 diabetes mellitus (T2DM), accounting for ∼90% total
diabetes cases, is one of the most threatening non-communicable
chronic diseases. Data from the latest IDF Diabetes Atlas showed
that the number of adults aged 20–79 years in the world suffering
from diabetes was∼463 million in 2019. Diabetes mellitus (DM)
is a great growing public health burden in China as the prevalence
estimated at 11.6%, whereas that of prediabetes was∼50.1% (1).

Stroke, as one of the macrovascular complications related to
DM, results in extracranial carotid artery disease and intracranial
large and small vessel diseases and includes clinical characteristics
ranging from asymptomatic carotid artery occlusion or cerebral
small vessel disease to transient ischemic attack and hemorrhagic
and ischemic stroke (2). Stroke has been acknowledged in the
form of a major issue in public health contributing to morbidity
and mortality worldwide. According to the Atlas of Heart Disease
and Stroke released by the World Health Organization, stroke is
the third cause of death (ranks after myocardial infarction and
cancer) in the world, and every year ∼17 million people die of
cardiovascular diseases (CVDs) particularly attributed to heart
attacks and strokes.

As one of the related complications of DM, stroke is the
condition different from DM but with many common aspects
(3). Nearly all types of stroke are known to be influenced by
DM, including large artery stroke, lacunar stroke, intracerebral
hemorrhage, and embolic stroke (4). Considerable prospective
studies have indicated that, in comparison with non-diabetic
population, patients with diabetes are at a higher risk of
stroke among the western population (5–8). A Chinese hospital
study based on 2,532 hospitalized patients with a first stroke
showed that diabetes had a remarkable frequency of strokes
than non-diabetics (9). In contrast to non-diabetics, the risk of
stroke of people with DM is 2.5–3.6 times higher (4). Through
a prospective observational study including 210 acute stroke
patients, patients with DM were proved to shoulder the huger
burden with poorer outcome brought by acute stroke compared
with non-diabetic patients (3). According to statistics, 80% of DM
patients eventually died of macrovascular complications (10).
Accordingly, risk factors of stroke for T2DM patients urgently
need to be determined.

Related studies of T2DM patients with stroke have provided
evidence for us to identify corresponding risk factors. Through
studies on diabetes and stroke, Wang et al. (11), Li et al. (12),
and Bos et al. (13) stated that gender, estimated glomerular
filtration rate (eGFR), duration of T2DM (course), postprandial
blood glucose (PBG), fasting blood glucose (FBG), glycosylated

Abbreviations: T2DM, Type 2 diabetes mellitus; DM, Diabetes mellitus; eGFR,
Estimated glomerular filtration rate; PBG, Postprandial blood glucose; FBG,
Fasting blood glucose; HbA1c, Glycosylated hemoglobin A1c; SBP, Systolic
blood pressure; DBP, Diastolic blood pressure; LDL-C, Low-density lipoprotein
cholesterol; HDL-C, High-density lipoprotein cholesterol; TC, Total cholesterol;
TG, Triglyceride; BMI, Body mass index; UA, Uric acid; BUN, Blood urea
nitrogen; ACR, Ratio of urinary microalbumin to uric creatinine; NRI,
Net reclassification improvement; IDI, Integrated discrimination improvement;
LASSO, Least absolute shrinkage and selection operator; OR, Odds ratio; CI,
Confidence interval; ROC, Receiver operating characteristic; DCA, Decision curve
analysis; SE, Standard error.

hemoglobin A1c (HbA1c), systolic blood pressure (SBP), diastolic
blood pressure (DBP), age, low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), total
cholesterol (TC), triglyceride (TG), body mass index (BMI), and
uric acid (UA) are risk factors for stroke among T2DM patients.
Based on the previous studies and community survey in this
study, we involved basic information indicators including gender,
age, course, BMI, SBP, DBP, and family history of DM; disease
record information including hypertension, hyperlipemia, and
microvascular disease; lifestyle factors containing smoking and
alcohol; and biochemical indicators including FBG, PBG, HbA1c,
TC, TG, HDL-C, LDL-C, blood urea nitrogen (BUN), UA, eGFR,
and the ratio of urinary microalbumin to uric creatinine (ACR)
in this study.

At present, many studies on T2DM or stroke describe risk
factors of stroke and T2DM patients, respectively. The study
combined the two diseases and aimed to find out risk factors of
stroke for T2DM patients.

This study aimed to build a simple, convenient, and efficient
prediction model because of the main risk factors affecting stroke
for T2DM patients. In this study, three nomogram plots were
demonstrated, and the most predictive, accurate, and effective
one was found through net reclassification improvement (NRI)
and integrated discrimination improvement (IDI). At the same
time, we also developed an online application for predicting
T2DM patients with stroke based on the nomogram plot. The
work can be used for clinically evaluating T2DM patients to
assess the risk of stroke incidence for them.

MATERIALS AND METHODS

Patients
We worked with Shanghai University of Traditional Chinese
Medicine–affiliated community health center hospitals for this
study. From September 2014 to September 2019, we conducted
baseline and follow-up study on all the patients in the seven
communities including Community of Huamu, Community
of Jinyang, Community of Sanlin, Community of Siping,
Community of Yinhang, Community of Daqiao, and Community
of Jiangpu in Shanghai and finally included 4,335 subjects in
this study. Subjects were determined based on their medical
history information. Patients with T2DM with a history of stroke
were valid to be involved in this study. Questionnaire survey,
physical examination, and biochemical examination contained
values of each influencing factor in this study, which were
crucial for forming results. In order not to affect the model
establishment and results, accordingly, for data screening, we
checked the missing values at the beginning. Patients with any
lack of needed information would be excluded. After obtaining all
the data and comparing the various data values in the population,
subjects would be eliminated with any abnormal value of
influencing factors. With exclusion of invalid questionnaires
and those without complete information from all the collected
questionnaires, we eventually involved 4,335 subjects in the
study. Before enrolling the subjects in this study, we received
written informed consent from all of them.
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Procedure
We performed survey, including questionnaire surveys, physical
examination, and biochemical test, and investigated all T2DM
patients in seven communities with support from affiliated
community health centers and central hospitals. All the
researchers and investigators involved in the survey were well-
trained and qualified to ensure standardization and scientific
rigor in the procedure. A structured questionnaire survey
was composed of social demographic characteristics, lifestyle
factors, DM status, disease history, and drug history (lipid-
lowering, blood pressure-lowering, aspirin, and insulin). Besides,
to determine the subjects precisely, we checked the electronic
medical records of all the participants for filtering. Patients with
T2DM were determined as the initial population. The diagnosis
of T2DM was in accordance with the criteria defined by the
World Health Organization in 1999 (14). Patients with stroke
were then determined through rigorous screening of medical
records to ensure validity for this study and were finally included.

All the physical indicators were measured with standard
electronic devices. Systolic blood pressure and DBP were
measured in standard sitting with OMRON blood pressure
monitors. According to the Guidelines for the Prevention and
Treatment of T2DM in China, BMI was calculated with weight
(in kilograms) divided by square height (in meters squared).
Biochemical indexes included FBG, PBG, HbA1c, TC, TG, HDL-
C, LDL-C, BUN, UA, and ACR. Estimated glomerular filtration
rate was computed according to serum creatinine, age, and
gender according to Modification of Diet in Renal Disease
Trial. To test blood indicators, all the participants need to
keep fasting for at least 10 h and took the examination at 7
in the morning. Two hours after the meal, urine was collected
from participants for glycosuria measurement. All the blood
samples were required to be taken for the operation of in
situ centrifugation within 30min after collection and stored
in refrigerators at −80◦C for further study. All the samples
were at once sent to hematology department of Ruijin Hospital
Affiliated to Shanghai Jiaotong University and community health
centers and central hospitals affiliated to Shanghai University
of Traditional Chinese Medicine for testing after the scientific
operation. Urine-related biochemical indicators were analyzed by
uritest-500b (URIT, China).

Statistical Analysis
Through the community survey, we collected 4,335 T2DM
patients, including 2,504 female patients and 1,831 male patients.
With the aid of R software (version 3.6.2; https://www.R-project.
org), we randomly divided patients into two groups, training
set (n = 3,252) and validation set (n = 1,083) for external
validation at a theoretical ratio of 3:1 (15). In the first step,
we used data of the training set and took the least absolute
shrinkage and selection operator (LASSO) regression method to
analyze the data. Least absolute shrinkage and selection operator
are a method applied for data dimensional reduction. Besides,
the LASSO regression model takes double-standard error by
constructing a penalty function. Concerning the characteristics
of this method, we screened suitable and effective risk factors
for T2DM patients with stroke in the LASSO regression

analysis and selected 11 non-zero characteristic factors. We then
obtained three models: foundation model, biochemical model,
and integrated model, respectively, including basic physical
indicators, biochemical indicators, and both indicators, and
separately put into the multivariate logistic regression analysis.
Variables selected through logistic regression analysis were
considered of odds ratio (OR) and P-value with 95% confidence
interval (CI), and the statistical significance levels were all
two-sided. Based on the logistic regression results, we selected
risk factors with the P-value of and <0.05 and constructed a
nomogram prediction model. In this study, all the variables were
selected. For the validation of the three models, we, respectively,
calculated C index, receiver operating characteristic (ROC)
curve, and dynamic component analysis (DCA) measurements
based on the data from training set and validation set (16).

We used NRI and IDI to choose the best predictive model.
NRI and IDI are twomutually complementary validationmethod
to compare the accuracy and predictive ability of two prediction
models, evaluating the effectiveness of index change compared
with the old one. The difference between NRI and IDI is that
the NRI only considers the improvement setting a certain cutoff
point while the IDI inspects the overall improvement of the
model. When NRI >0.1, the prediction model is improved, and
if IDI >0.1, it indicates that this is an improvement and that the
new model is better than the old model. The difference between
NRI and IDI is that the NRI only considers the improvement
when setting a certain cutoff point, while the IDI inspects the
overall improvement of the model.

After selecting the best model, we applied the variables of the
model to all the subjects in this study for internal validation to
ensure the predictive ability of the model.

RESULTS

This study involved 4,335 T2DM patients, including 1,831
(42.24%) male participants and 2,504 (57.76%) female
participants from seven communities in Shanghai. Among
all the included T2DM patients, there were 379 patients (8.74%)
with stroke and 3,956 patients (91.26%) without stroke. The
average age of the participants was 64.54 ± 6.79 years. The
prevalence of stroke among all participants was 8.74% (379
participants). The mean LDL-C and HDL-C levels in patients
with stroke were 1.75 ± 0.48 and 1.47 ± 0.36 mmol/L and were
1.48 ± 0.46 and 1.73 ± 0.38 mmol/L separately in those without
stroke. The median TG level was 2.00 (1.61, 2.59) mmol/L
in patients with stroke and 1.24 (0.81, 1.91) mmol/L in those
without stroke. The median HbA1c and FBG levels of T2DM
patients with stroke were separately 7.30% (6.60%, 8.30%) and
7.60 (6.35, 9.10) mmol/L, whereas those of patients without
stroke were 6.57% (5.87%, 7.57%) and 7.03 (5.83, 8.63) mmol/L.
In this study, the mean SBP and DBP levels were 148.38 ±

19.34 mmHg and 81.90 ± 10.76 mmHg in patients with stroke,
whereas the median SBP and mean DBP levels were 132.00
(119.00, 145.00) mmHg and 77.18 ± 10.52 mmHg in patients
without stroke. Among 4,335 T2DM patients, 2,880 (66.44%)
people used antihypertensive drugs, 692 (15.96%) people used
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TABLE 1 | Characteristics of the participants in different groups.

Total (n = 4,335) Stroke (n = 379) No stroke (n = 3,956) Training set (n = 3,252) Validation set (n = 1,083) P

Gender 0.648

Male 1,831 (42.24%) 176 (46.44%) 1,655 (41.84%) 1,380 (42.44%) 451 (41.64%)

Female 2,504 (57.76%) 203 (53.56%) 2,301 (58.16%) 1,872 (57.56%) 632 (58.36%)

Diagnosed stroke 379 (8.74%) 284 (8.73%) 95 (8.77%) 0.969

Age (years) 64.54 ± 6.79 66.97 ± 6.21 64.31 ± 6.79 64.46 ± 6.73 64.80 ± 6.95 0.146

Course (years) 9.00 (4.00, 14.00) 11.00 (6.00, 16.00) 8.00 (4.00, 14.00) 9.00 (4.00, 14.00) 9.00 (4.00, 14.00) 0.925

BMI (kg/m2 ) 24.23 ± 3.47 26.94 ± 3.36 23.97 ± 3.37 24.20 ± 3.44 24.32 ± 3.54 0.342

Hypertension 0.845

No 1,656 (38.20%) 85 (22.43%) 1,571 (39.71%) 1,245 (38.28%) 411 (37.95%)

Yes 2,679 (61.80%) 294 (77.57%) 2,385 (60.29%) 2,007 (61.72%) 672 (62.05%)

Hyperlipemia 0.912

No 2,716 (62.65%) 194 (51.19%) 2,522 (63.75%) 2,039 (62.70%) 677 (62.51%)

Yes 1,619 (37.35%) 185 (48.81%) 1,434 (36.25%) 1,213 (37.30%) 406 (37.49%)

Microvascular disease 0.191

No 2,155 (49.71%) 163 (43.01%) 1,992 (50.35%) 1,598 (49.14%) 557 (51.43%)

Yes 2,180 (50.29%) 216 (56.99%) 1,964 (49.65%) 1,654 (50.86%) 526 (48.57%)

Family history of DM 0.278

No 2,565 (59.17%) 225 (59.37%) 2,340 (59.15%) 1,909 (58.70%) 656 (60.57%)

Yes 1,770 (40.83%) 154 (40.63%) 1,616 (40.85%) 1,343 (41.30%) 427 (39.43%)

Smoking 0.184

No 3,544 (81.75%) 317 (83.64%) 3,227 (81.57%) 2,644 (81.30%) 900 (83.10%)

Yes 791 (18.25%) 62 (16.36%) 729 (18.43%) 608 (18.70%) 183 (16.90%)

Alcohol 0.094

No 3,288 (75.85%) 283 (74.67%) 3,005 (75.96%) 2,487 (76.48%) 801 (73.96%)

Yes 1,047 (24.15%) 96 (25.33%) 951 (24.04%) 765 (23.52%) 282 (26.04%)

SBP (mmHg) 133.00 (120.00, 147.00) 148.38 ± 19.34 132.00 (119.00, 145.00) 133 (120.00, 148.00) 133.00 (120.00, 146.00) 0.110

DBP (mmHg) 77.59 ± 10.62 81.90 ± 10.76 77.18 ± 10.52 77.73 ± 10.66 77.18 ± 10.51 0.139

FBG (mmol/L) 7.03 (5.73, 8.63) 7.60 (6.35, 9.10) 6.93 (5.73, 8.63) 7.03 (5.83, 8.63) 7.00 (5.70, 8.73) 0.871

PBG (mmol/L) 11.28 ± 4.81 12.45 ± 4.27 11.17 ± 4.84 7.70 (10.90, 14.40) 11.13 ± 4.92 0.246

HbA1c (%) 6.57 (5.87, 7.67) 7.30 (6.60, 8.30) 6.57 (5.87, 7.57) 6.57 (5.87, 6.67) 6.57 (5.87, 7.67) 0.987

TC (mmol/L) 4.51 ± 1.09 4.86 ± 1.12 4.48 ± 1.08 4.50 ± 1.09 4.53 ± 1.06 0.463

TG (mmol/L) 1.32 (0.85, 2.00) 2.00 (1.61, 2.59) 1.24 (0.81, 1.91) 1.31 (0.85, 2.00) 1.34 (0.88, 1.99) 0.909

LDL-C (mmol/L) 1.51 ± 0.47 1.75 ± 0.48 1.48 ± 0.46 1.50 ± 0.47 1.52 ± 0.46 0.432

HDL-C (mmol/L) 1.71 ± 0.39 1.47 ± 0.36 1.73 ± 0.38 1.71 ± 0.39 1.72 ± 0.39 0.290

BUN (mmol/L) 5.81 (4.21, 6.25) 5.63 (4.72, 6.65) 5.14 (4.18, 6.20) 5.19 (4.24, 6.27) 5.14 (4.14, 6.18) 0.171

UA (µmol/L) 298.31 ± 79.89 343.43 ± 81.33 293.99 ± 78.39 298.66 ± 80.33 297.25 ± 78.52 0.614

eGFR (mL/min) 53.35 (33.05, 77.67) 72.37 (52.90, 97.59) 51.58 (31.49, 74.82) 53.31 (33.39, 77.74) 53.63 (32.44, 76.97) 0.794

ACR (mg/g) 23.33 (10.64, 59.08) 46.01 (30.95, 96.33) 20.36 (9.74, 54.60) 23.58 (10.64, 58.10) 22.71 (10.77, 60.75) 0.845

Data are presented as n (%), mean ± SD, or median (IQR).

lipid-lowering drugs, 1,162 (26.81%) people used aspirin, and 772
(17.81%) people used insulin. Among the 3,956 T2DM patients
without stroke, 2,702 (68.30%) patients used antihypertensive
drugs, 562 (14.21%) patients used lipid-lowering drugs, 1,021
(25.81%) patients used aspirin, and 674 (17.04%) patients used
insulin. Among the 379 stroke patients, 178 (46.97%) used
antihypertensive drugs, 130 (34.30%) used lipid-lowering drugs,
141 (37.20%) used aspirin, and 98 (25.86%) used insulin.

For external verification, we divided two groups, training set
(n = 3,252) and validation set (n = 1,083), at a ratio of 3:1. The
training set composed of 1,380 (42.44%) male patients and 1,872

(57.56%) female patients, with average age of 64.46 ± 6.73 years.
There were 284 patients (8.73%) complicated with stroke. In
the validation set, 451 (41.64%) male patients and 632 (58.36%)
female patients were included. The average age was 64.80 ± 6.95
years. Ninety-five patients (8.77%) were complicated with stroke.
The detailed demographic and clinical characteristics are given in
Table 1.

Through the analysis of literature search results and
questionnaire results, 23 potential risk factors from physical
examination indicators and biochemical examination indicators
were included in the LASSO regression analysis (Figures 1A,B).
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FIGURE 1 | Demographic and clinical feature selection using the LASSO binary logistic regression model. (A) The selection of the best parameter (lambda) in the

LASSO model uses 5-fold cross-validation with the lowest standard. The relationship curve between partial likelihood deviation (binomial deviation) and log(lambda)

was plotted. Dotted vertical lines were drawn at the optimal values by using the minimum criteria and the 1 SE of the minimum criteria (the 1 – SE criteria). (B) LASSO

coefficient profiles of the 11 features. A coefficient profile plot was produced against the log(lambda) sequence. Vertical line was drawn at the value selected using

5-fold cross-validation, where optimal lambda resulted in five features with non-zero coefficients. LASSO, least absolute shrinkage and selection operator; SE,

standard error.

TABLE 2 | Coefficients and lambda.min value of the LASSO regression.

Factors Coefficients Lambda.min

Age (years) 0.036 0.010

Course (years) 0.022

BMI (kg/m2 ) 0.142

SBP (mmHg) 0.027

DBP (mmHg) 0.013

HbA1c (%) 0.170

TG (mmol/L) 0.079

LDL-C (mmol/L) 1.023

HDL-C (mmol/L) −1.689

UA (µmol/L) 0.003

eGFR (mL/min) 0.003

We selected 11 non-zero characteristic variables in the LASSO
regression results, including AGE, course, BMI, SBP, DBP, HbA1c,
TG, LDL-C, HDL-C, UA, and eGFR (Table 2).

For external validation, three models were constructed.
Foundation model, composed of basic information indicators
and physical indicators, included AGE, course, SBP, DBP, and
BMI (Figure 2A). Biochemical model consisted of biochemical
indexes, including HbA1c, TG, LDL-C, HDL-C, UA, and eGFR
(Figure 2B). Integrated model contained all the variables of the
above two models (Figure 2C). To give a plain and clarified
illustration of integrated model, an example of a T2DM patient
demonstrated in Figure 2D. If the subject is at the age of 68 years,
duration of 2 years, SBP of 151 mmHg, DBP of 83 mmHg, BMI of
22.84 kg/m2, HbA1c of 6.5%, TG of 2.42 mmol/L, HDL-C of 1.04

mmol/L, LDL-C of 1.77mmol/L, UA of 362µmol/L, and eGFR of
85.89 mL/min, the probability of stroke is estimated to be 31.7%.

Through logistic regression analysis, p-values of all risk
characteristic factors were proved to be significant in the three
models, respectively (Tables 3–5). The C index of foundation
model, biochemical model, and integrated model were 0.810
(0.783–0.837), 0.819 (0.792–0.845), and 0.884 (0.863–0.905)
(Table 6). Area under the curve (AUC) values of ROC
for foundation model, biochemical model, and integrated
model in training set (Figure 3G) were 0.810 (Figure 3A),
0.819 (Figure 3C), and 0.884 (Figure 3E) (Table 7), whereas
in validation set (Figure 3H) correspondingly were 0.836
(Figure 3B), 0.832 (Figure 3D), and 0.909 (Figure 3F) (Table 7).
Calibration plot indicated that S:P of foundation model,
biochemical model, and integrated model in training set is
0.836 (Figure 4A), 0.754 (Figure 4C), and 0.621 (Figure 4E),
whereas in validation set is, respectively, 0.918 (Figure 4B), 0.682
(Figure 4D), and 0.666 (Figure 4F). The DCA decision curve
demonstrated that the threshold probability of foundationmodel,
biochemical model, and integrated model in training set is 8–
73%, 8–98% and ∼8% (Figure 5A), whereas in validation set is
8–70, 8–90, and 8–95% (Figure 5B).

Through calculating the NRI, the cutoff in the training
set was 0.088 (0.804, 0.785) (Figure 3E). Integrated model
demonstrated to be 0.131 better than foundation model
(Figure 6A) and 0.113 better than biochemical model
(Figure 6C) (Table 8). In the validation set, the cutoff was
0.087 (0.811, 0.853) (Figure 3F). Integrated model was 0.133
better than foundation model (Figure 6B) and 0.118 better than
biochemical model (Figure 6D) (Table 8). Through calculating
the IDI in training set, integrated model was 0.148 (0.124,
0.172) better than foundation model and 0.139 (0.115, 0.164)
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FIGURE 2 | Developed nomograms of three T2DM combined stroke models. (A) Foundation model: the medication stroke nomogram for T2DM patients was

developed in the cohort, with age, course, SBP, DBP, and BMI incorporated. (B) Biochemical model: the medication stroke nomogram for T2DM patients was

developed in the cohort, with HbA1c, TG, LDL-C, HDL-C, UA, and eGFR incorporated. (C) Integrated model: the medication stroke nomogram for T2DM patients was

developed in the cohort, with age, course, BMI, SBP, DBP, HbA1c, TG, LDL-C, HDL-C, UA, and eGFR incorporated. (D) An example of nomogram based on

integrated model.

TABLE 3 | Foundation model established by logistic regression analysis based on

the training set.

β Coefficient Wald test P OR (95% CI)

Age (years) 0.052 4,696 <0.001 1.054 (1.031–1.078)

Course (years) 0.044 5.035 <0.001 1.045 (1.027–1.063)

SBP (mmHg) 0.037 10.798 <0.001 1.038 (1.031–1.045)

DBP (mmHg) 0.033 5.158 <0.001 1.034 (1.021–1.047)

BMI (kg/m2 ) 0.216 11.137 <0.001 1.241 (1.195–1.290)

better than biochemical model (Table 8). In the validation set,
integrated model was 0.157 (0.115, 0.200) better than foundation
model and 0.166 (0.120, 0.213) better than biochemical model
(Table 8). Therefore, based on the above results, we can conclude
that compared with foundation model and biochemical model;
integrated model is improved, indicating that integrated model
meets the clinical predictive modeling standards.

After obtaining integrated model, we verified on all the
subjects included in this study with all the characteristic

TABLE 4 | Biochemical Model established by logistic regression analysis based

on the training set.

β Coefficient Wald test P OR (95% CI)

HbA1c (%) 0.312 6.931 <0.001 1.366 (1.251–1.492)

TG (mmol/L) 0.132 2.817 0.005 1.141 (1.039–1.248)

LDL-C (mmol/L) 1.459 9.431 <0.001 4.301 (3.184–5.842)

HDL-C (mmol/L) −2.711 −10.558 <0.001 0.066 (0.040–0.109)

UA (µmol/L) 0.006 6.556 <0.001 1.006 (1.004–1.008)

eGFR (mL/min) 0.004 2.835 0.005 1.004 (1.001–1.006)

variables of integrated model and the variables proved
to have a fairly good ability of predicting risk of stroke
among T2DM patients. The result has been showed
in Table 9.

Based on the results, the integrated model was confirmed
to have moderate predictive ability. To better aid prevention
and treatment of T2DM patients with stroke clinically and in
the community, we developed an online application that could
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predict quickly and directly. TheURL of the application is https://
doctorhu.shinyapps.io/T2DM_Stroke_DynNomapp/.

DISCUSSION

Prevalence of Stroke, Differences in
Clinical Characteristics, and Medication
Conditions of T2DM Patients
The prevalence of stroke in T2DM patients was 8.74%, and
those in training set and validation set were, respectively, 8.73
and 8.77% in the study, which were consistent with some other
previous studies. In a national observational cohort study in
Sweden, in 26,380 T2DM patients, 6.5% were diagnosed with a
stroke with the stroke incidence rate of 10.12 events 1,000 person-
years (17). A study including multivariate analysis conducted
in Spain found 41.2% T2DM patients with atherothrombotic
stroke and 35.1% with lacunar infarction (18). Shen et al. (19)
performed a retrospective cohort study composed of 27,113
blacks and 40,431 whites with T2DM and found that 8,496
(12.57%) participants developed stroke during a mean follow-
up period of 3 years. A Chinese study was conducted on 9,374
T2DM patients in total to establish a risk score system; among all
the participants, 11.48% developed ischemic stroke with a mean
follow-up of 8 years (12). Xuebing et al. (20) performed a study
in Beijing, China, on 4,639 T2DM patients, and among all the
subjects, the prevalence of stroke was 5.5%.

The biochemical indicator characteristics of the general
population in this study, T2DM patients with stroke, were

TABLE 5 | Integrated Model established by logistic regression analysis based on

the training set.

β Coefficient Wald test P OR (95% CI)

Age (years) 0.063 5.144 <0.001 1.065 (1.040–1.091)

Course (years) 0.044 4.204 <0.001 1.045 (1.024–1.067)

SBP (mmHg) 0.037 9.380 <0.001 1.038 (1.030–1.046)

DBP (mmHg) 0.028 3.835 <0.001 1.028 (1.014–1.043)

BMI (kg/m2 ) 0.168 7.500 <0.001 1.183 (1.133–1.237)

HbA1c (%) 0.270 5.038 <0.001 1.310 (1.179–1.455)

TG (mmol/L) 0.112 2.146 0.032 1.119 (1.007–1.237)

LDL-C (mmol/L) 1.508 8.766 <0.001 4.518 (3.24–6.354)

HDL-C (mmol/L) −2.483 −9.024 <0.001 0.083 (0.048–0,142)

UA (µmol/L) 0.004 4.455 <0.001 1.004 (1.002–1.006)

eGFR (mL/min) 0.004 2.777 0.005 1.004 (1.001–1.007)

generally higher in the levels of clinical indicators, including
LDL-C, TG, HbA1c, FBG, SBP, and DBP than those of patients
without stroke, and HDL-C level was lower among patients with
stroke, which were consistent with other studies. A study on
Chinese T2DM patients indicated that LDL-C and TG were
higher in patients with CVD, and HDL-C was lower than those
without CVD (21). A study exploring risk factors of ischemic
stroke on 2,769 DM patients found that the mean HbA1c and
FBG levels were significantly higher in patients with stroke when
compared with patients without stroke (22). A Taiwanese study
of 16,994 T2DMpatients demonstrated that compared with those
without stroke, patients with stroke were higher in the prevalence
of hypertension with a rate of 74.5% (23).

During this study, more than two-thirds of patients took
antihypertensive drugs, and nearly a third of patients use aspirin.
A case-control study conducted in 32 countries/regions indicated
that the occurrence of stroke is related to hypertension (24).
A systematic review also showed that lowering blood pressure
can significantly reduce various baseline blood pressure levels
and vascular risk of complications (25). In our study, there were
2,702 T2DM patients without stroke taking antihypertensive
drugs, accounting for 68.30% of all patients without stroke,
which showed that taking antihypertensive drugs has significance
on controlling blood pressure and then reducing the stroke
incidence. According to a review comprehensively including
randomized controlled trials of aspirin therapy, it is estimated
that aspirin would reduce the risk of myocardial infarction and
stroke by∼10% in DM patients, indicating that low-dose aspirin
therapy (75–162mg) would be reasonable for DM patients in the
primary prevention for stroke (26).

Risk Factors for T2DM Patients With
Stroke
We utilized the nomogram in the study. A nomogram is
a superior visual tool with the user-friendly display, precise
calculation, and easy to understand and effective prognoses (27),
which is expert in developing a graphic continuous scoring
system based on incorporated related factors and calculating
precisely the risk probability of adverse results according
to individual characteristics (28). In terms of all the bright
points, the nomogram was applied for predicting the risk of
stroke incidence among T2DM patients and clinical evaluation
and displayed decent predictive power through internal and
external validation.

Eleven risk characteristic variables considered as factors
affecting stroke incidence among T2DM patients in this study,
including age, course, SBP, DBP, HDL-C, LDL-C, BMI, TG,

TABLE 6 | C index in the array on the training set.

C index

(95% CI)

Dxy aDxy Variance Z P n

Foundation model 0.810 (0.783–0.837) 0.619 0.619 0.028 22.43 0 3,252

Biochemical model 0.819 (0.792–0.845) 0.639 0.639 0.027 23.88 0 3,252

Integrated model 0.884 (0.863–0.905) 0.768 0.768 0.021 36.38 0 3,252
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FIGURE 3 | The pooled AUC of the ROC curve in training set and validation set. Foundation model (A,B), biochemical model (C,D), integrated model (E,F): The y axis
measures the net benefit. The dotted line represents the stroke incidence risk nomogram for T2DM patients. The thin solid line represents the assumption that all

patients are diagnosed as stroke. The thick solid line represents the assumption that no patients are diagnosed as stroke. (G,H): Integration of above decision curve

analysis for the stroke incidence risk nomogram based on three models in training set and validation set.

TABLE 7 | Comparison of ROC between different models using training set and validation set.

Training set (n = 3,252) Validation set (n = 1,083)

ROC A ROC B ROC C A–C B–C ROC A ROC B ROC C A–C B–C

AUC 80.950 81.927 88.380 83.642 83.196 90.942

Z −7.394 −6.684 −4.646 −5.048

P <0.001 <0.001 <0.001 <0.001

eGFR, UA, HbA1c, were selected through LASSO and logistic
regression analysis based on training set. Among three different
models we established, integrated model incorporating all the 11

variables showed the best predictive ability through NRI and IDI
validation, which displayed the necessity of each of the 11 risk
factors in predicting the risk of stroke among T2DM patients.
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FIGURE 4 | Calibration curves of the stroke incidence risk nomogram prediction in the array in training set and validation set. Foundation model (A,B), biochemical

model (C,D), integrated model (E,F): The x axis represents the predicted T2DM patients with stroke incidence risk. The y axis represents the actual diagnosed T2DM

patients with stroke. The diagonal dotted line represents a perfect prediction by an ideal model. The solid line represents the performance of the nomogram, of which

a closer fit to the diagonal dotted line represents a better prediction.

FIGURE 5 | Decision curve analysis for the T2DM patients with stroke incidence risk nomogram based on three models in training set and validation set. (A) Training

set and (B) validation set: The y axis means the true positive rate of the risk prediction of T2DM patients with stroke. The x axis means the false positive rate of the risk

prediction of T2DM patients with stroke. The black line represents the performance of the nomogram of foundation model. The red line represents the performance of

the nomogram of biochemical model. The green line represents the performance of the nomogram of integrated model.

A risk study on T2DM patients with stroke obtained 14 risk
factors, among which four risk factors, including age, disease
course, blood pressure, andHbA1c level, were consistent with this
study (12).

According to the results, this study suggested that age and
the course of diabetes in T2DM patients are important and
immutable predictive risk factors for T2DM patients with stroke.

Old age means the decline of the function of various tissues
and organs of the body, pointing out that the risk of T2DM
patients with stroke is affected by age (1). A study of 3,776 T2DM
subjects identified age as an important risk factor (29). As the
age of T2DM patients with stroke continues to increase, with the
decline of physical function and the prolongation of the duration
of diabetes, blood glucose fluctuations are obvious, exacerbating
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FIGURE 6 | Model comparison based on NRI in training set [cutoff is 0.088 (0.804, 0.785)] and validation set [cutoff is 0.087 (0.811, 0.853)]. Foundation model vs.

integrated model (A,B): Integrated model is 0.131 better than foundation model in training set. Integrated model is 0.133 better than foundation model in validation

set. Biochemical model vs. integrated model (C,D): Integrated model is 0.113 better than biochemical model in training set. Integrated model is 0.118 better than

biochemical model in validation set.

vascular endothelial damage and inflammatory stimuli, thereby
accelerating the formation of stroke (30). Khalid Al-Rubeaan
et al. (22) performed a study on ischemic stroke and its risk
factors in a diabetic cohort in countries facing diabetes prevalence
and showed the prevalence of ischemic stroke was 4.42% and was
higher in the older age group with longer diabetes duration.

The result of this study illustrated that there was a positive
correlation between BMI, TG, and stroke prevalence in T2DM
patients. High BMI and TG indicate that patients are obese,
having a higher possibility of blood lipid status. According to
the American Heart Association, American Stroke Association,
andmany other global guidelines, maintaining a healthy weight is
recommended as an important intervention for stroke outbreaks.
The BMI, as an important measure of physical health, plays an
important role in preventing the onset of disease in the brain of
diabetic patients. For a cohort including patients with first-ever
stroke, higher BMI was confirmed as an independent indicator
for long-term survival according to a randomized controlled
trial–based study on the effect of interventions targeting risk
factors prevention (31). The study has shown that BMI has an

impact on stroke risk in diabetic patients (11). A study of Chinese
patients with T2DM showed that TG is a risk factor for stroke
in T2DM patients and that female’s elevated TG levels are more
likely to be the risk factor to cause strokes than those of males
(32). During the literature search, it was found that the results
of some studies on BMI risk factors pointed out that the BMI of
patients with type 2 diabetes was negatively related to the risk
of stroke (33), which was consistent with the same results we
obtained according to the available data.

The result of our study showed that there is a significantly
positive association between the prevalence of stroke and blood
pressure in patients with DM. The study has indicated that high
blood pressure is the factor leading to increased stroke risk
(34). A meta-analysis of randomized controlled trials comparing
the effects including BP lowering on cardiovascular outcomes
of DM patients concluded that BP-lowering treatment would
significantly reduce cardiovascular risk in DM patients (35).
According to the Journal of the American Heart Association,
different from the cutoff point (BP ≥140/90 mmHg) for
the diagnosis of hypertension in non-diabetic population, the
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TABLE 8 | Comparison of the prediction ability between different models through NRI and IDI.

Training set (n = 3,252) Validation set (n = 1,083)

Foundation model ∼

Integrated model

Biochemical model

∼ Integrated model

Foundation model ∼

Integrated model

Biochemical model

∼ Integrated model

NRI 0.131 0.113 0.133 0.118

P 0 0 0.004 <0.001

2.5% CI 0.078 0.065 0.080 0.068

97.5% CI 0.185 0.162 0.185 0.163

IDI 0.148 0.139 0.157 0.166

P 0 0 0 0

2.5% CI 0.124 0.115 0.115 0.120

97.5% CI 0.172 0.164 0.200 0.213

TABLE 9 | C index in the array in 4,335 T2DM patients.

C index

(95% CI)

Dxy aDxy Variance Z P n

0.890 (0.873–0.907) 0.781 0.781 0.017 45.48 0 4,335

diagnostic criteria of hypertension in diabetic patients are
SBP ≥130 mmHg and/or DBP ≥80 mmHg (BP ≥130/80
mmHg) (36). Patients with T2DM often have comorbidities such
as hypertension, obesity, and depression (37). Systolic blood
pressure is one of the main diagnostic indicators of hypertension.
Hypertension is the basis of arteriosclerosis, which can cause
endothelial hyperplasia, sclerosis, vascular stenosis, and even
occlusion. It is for this reason that strokes eventually occur. A
study on high blood pressure showed that SBP and DBP are
related to the occurrence of stroke (38). A review summarizing
evidence mainly based on randomized controlled trials for
the effect of BP management on the primary and secondary
prevention of stroke determined that adequate BP lowering is
of great significance and is expected to bring benefits for stroke
prevention (39). Therefore, it is necessary to control SBP and
DBP among T2DM patients.

HbA1c is a parameter of sugar, indicating the 2- or 3-month
mean level of blood glucose control and has a close link with
the risk of diabetic complications (40). According to the result,
glycemic control is essential as a preventable measure of stroke
incidence for its influence on T2DM patients. A prospective
cohort study conducted on 563 qualified T2DM patients showed
that HbA1c could affect the development of microvascular
complications (41). A study in Pakistan that worked on the
difference of HbA1c values among diabetics and non-diabetics
with stroke demonstrated that HbA1c level was higher in the
diabetic group (42). Through a Swedish study of 406,271 T2DM
patients in total, T2DM patients were proved to have a higher
risk of stroke and death with a lack of proper glycemic control,
measured by theHbA1c index (17). A systematic review including
meta-analysis indicated that a rising HbA1c level would be
associated with the elevated risk of first-ever stroke, with average
hazard ratios (95% CI) among DM cohorts of 1.17 (1.09, 1.25) as

HbA1c increased 1% (43). According to a study in Thailand based
on T2DM patients with and without ischemic stroke, the risk of
ischemic stroke would be raised 7.9–10.9 times with HbA1c of
8–8.9% and higher (44).

Both LDL-C and HDL-C were considered as risk factors
affecting stroke incidence of T2DM patients based on the
result. A population-based retrospective cohort study on
144,271 Chinese T2DM patients found control of LDL-C was
considerably related with 42% reduction of CVDs and should
be given priority for treatment in primary care (45). Based
on extensive clinical trials, a meta-analysis showed that the
incidence rate of stroke among T2DM patients decreased by
21% with LDL-C level decreasing by 1 mmol/L (38.7 mg/dL)
(46). High-density lipoprotein cholesterol is known for its
antithrombotic influencing platelets, endothelial cells, and the
blood coagulation–fibrinolysis system (47) and as a prevention
factor of atherosclerosis. A meta-analysis on data of 61 studies
indicated a strong association between HDL-C cholesterol and
high risk of CVD and death (48). Through a retrospective cohort
study and a mean follow-up of 3 years, including 67,544 T2DM
patients, a significant adverse connection was found between
HDL-C cholesterol among T2DM patients and the risk of total,
ischemic, and hemorrhagic stroke (19). High-density lipoprotein
cholesterol was an influencing factor involved in a Chinese
retrospective cohort study aiming at establishing a predictive
model of ischemic stroke among T2DM patients (12).

Uric acid is considered as a risk factor affecting the stroke
incidence according to the result. Previous studies have shown
that T2DM patients with stroke are usually considered to have
a high level of serum UA. Through meta-analysis, a Chinese
work proved that T2DM patients were vulnerable to cerebral
infarction with a high level of serum UA, along with a finding
that the UA level among T2DM patients with cerebral infarction
was 29% higher than those without the symptom (49). A study
on 1,017 non–insulin-independent DM patients with a 7-year
follow-up for each patient demonstrated that a high UA level
was considerably related to fatal and non-fatal stroke, thus
proving the significant association betweenUA and stroke among
T2DM patients (50). A study exploring links between serum UA
level and cardiovascular complications in T2DM patients found
that the hazard ratio (95% CI) of stroke was 1.19 (1.08, 1.31)
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with correspondence to every 59 µmol/L increase in UA level,
indicating the serum UA level was related to the risk of stroke
incidence among T2DM patients (51).

Estimated glomerular filtration rate is the indicator of renal
function. In this study, eGFR was proved to be a risk factor
of stroke in T2DM patients. Based on the discussions above,
in a Roman study, eGFR was found to have a strong negative
correlation to UA, thus indicating the association between eGFR
and risk of stroke amongDMpatients in terms of the act of UA on
stroke incidence (52). A study implemented in Poland found in a
multivariate analysis that eGFR was considered as a risk factor of
both diabetic and non-diabetic patients with ischemic stroke (53).
A cross-sectional study conducted in Thailand based on 30,423
T2DM patients showed the association between decreased eGFR
and increased risk of ischemic stroke, especially for those of eGFR
<60 mL/min per 1.73 m2 (54).

Limitations
However, our study still has a few limitations objectively. First,
the number of subjects in our study is insufficient. In this study,
all of the subjects were T2DM patients in seven communities in
Shanghai, whereas still many patients were unable to participate
in this study because of their serious condition. The prediction
of risk factors for type 2 diabetes with stroke in other regions of
China still requires more data to improve the prediction model.
Second, there are relatively few indicators included in our study.
Some indicators of lifestyle and socioeconomic factors should
also be included in the study, such as smoking, drinking habits,
education, income, and medication status (hypertensive drugs
and lipid-lowering drugs). Also, we worked on the cross-sectional
data without conducting subsequent related investigations. If
the patient’s indicators are followed up, the accuracy of this
prediction model will be improved to a certain extent.

At the same time, current studies on the risk of stroke in
T2DM patients in China mainly obtained data of hospitalized
patients. There are insufficient epidemiological surveys
conducted on T2DM patients in the community. At the
beginning of this study, foundation model, biochemical model,
and integrated model incorporating different risk factors were
established at the step of external verification, which can be used
to assess the risk of stroke in T2DM patients. Based on NRI and
IDI, model C was finally identified as the best prediction model.
That is to say, age, course, BMI, SBP, DBP, HbA1c, TG, HDL-C,
LDL-C, UA, and eGFR are valuable predictors of risk. When
applying the nomogram to T2DM patient evaluation, doctors
must carry out health education from the perspective of medicine
and skills guidance to help patients develop a healthier lifestyle.

CONCLUSION

Based on a survey collecting basic information, physical data, and
biochemical indicators of T2DM patients in seven communities
in Shanghai, and processing-related data, this study established
three predictive models of stroke risk for T2DM patients through
risk factor analysis. To effectively apply the prediction model to
T2DM patients and meet the needs of community management
and clinical practice, tools including ROC, NRI, IDI, and internal

verification were implemented in this study to determine the
integrated model as the optimal and most accurate model among
the three models.
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Background: The effect of metformin on leukemia risk remains unknown.

Methods: The Taiwan’s National Health Insurance database was used to enroll 610,089
newly diagnosed type 2 diabetes patients on at least 2 anti-diabetic prescriptions during
1999–2009. We followed-up these patients until 31 December 2011, in order to
determine the incidence of leukemia. We used Cox regression model (incorporated with
the inverse probability of treatment-weighting using propensity scores) to estimate hazard
ratios in both intention-to-treat and per-protocol analyses.

Results: We enrolled 414,783 metformin initiators and 195,306 non-metformin initiators.
Among them, 598 and 372 patients developed new-onset leukemia after a median follow-
up period of 5.08 years and 6.79 years, respectively. The respective incidence rates were
26.52 and 28.40 per 100,000 person-years. The hazard ratio for metformin initiators
versus non-metformin initiators was 0.943 (95% confidence interval 0.828–1.074) in the
intention-to-treat analysis and 0.852 (95% confidence interval 0.705–1.031) in the per-
protocol analysis. Sensitivity analyses after excluding patients using the exclusion criteria
(a follow-up duration < 24 and < 36 months, respectively, patients with incretin-based
therapies during follow-up, and patients enrolled during 2 different periods of 1999–2003
and 2004–2009) consistently showed a neutral effect. However, metformin initiators had a
significantly higher risk of leukemia in the per-protocol analyses when censoring patients
at a time without regular follow-up.

Conclusion: Metformin use has an overall neutral effect on leukemia but we cannot
exclude a significantly higher risk in patients who persistently use the drug.
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INTRODUCTION

According to a study on the global burden of cancer in 2015, the
estimated number of new cases of leukemia was 606,000 and
353,000 deaths were related to leukemia, ranking it as eighth for
all cancer incidences and ninth for all cancer deaths, respectively (1).
Risk factors include some genetic syndromes, ionizing radiation,
some environmental or occupational exposures and medications (2,
3). Diabetes patients may also suffer from a significantly higher risk
of leukemia. In 2010, a Swedish study reported a significantly higher
risk of leukemia in patients with type 2 diabetes mellitus (T2DM)
following hospitalization (4). The estimated standardized incidence
ratio compared to the general Swedish population was 1.95 (95%
confidence interval: 1.72–2.17) (4). In a meta-analysis of 11 studies,
the estimated odds ratio of leukemia for patients with T2DM was
1.22 (95% confidence interval: 1.03–1.44, P = 0.02) (5).

Some in vitro studies suggest that metformin may induce cell
cycle arrest and apoptosis in leukemic cells (6, 7), and leukemic cell
growth is activated by the phosphatidylinositol 3-kinase/Akt/
mammalian target of rapamycin (PI3K/Akt/mTOR) pathway (8,
9). Therefore, being recognized for its activating effect on the liver
kinase B1/adenosine monophosphate kinase (LKB1/AMPK)
resulting in the inhibition of mTOR pathway, metformin
theoretically inhibits leukemic cell growth (10, 11). However, the
involvement of other pathways may also provide a protective effect
of metformin on leukemia because a recent in vitro study suggested
that metformin may suppress the growth of leukemia cells through
the downregulation of AXL receptor tyrosine kinase (12).

Some investigators envisage metformin as a new adjuvant
therapeutic agent for the treatment of leukemia (8, 13). However,
there is lack of evidence from human studies and several clinical
trials are ongoing in order to demonstrate the therapeutic effects
of metformin on leukemia in patients with or without diabetes
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(14). On the other hand, there is paucity of data on whether
metformin is preventive for the occurrence of new-onset
leukemia or not. The present study investigated the effect of
metformin on the risk of leukemia in T2DM patients.
MATERIALS AND METHODS

The National Health Insurance (NHI) implemented since March
1995 in Taiwan covers > 99% of the population and has contracts
with 93% of medical institutions and all in-hospitals nationwide.
The reimbursement database of the NHI and the methods applied
in the present study were described in details in previously
published papers (15, 16). This database keeps all records of
diseases diagnosed, medications prescribed and procedures
performed. It serves as an important base for academic research
after approval by an ethics review board of the National Health
Research Institutes. The approval number of the present study
is 99274.

The NHI database coded the different diagnoses using the
International Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) during the study period. Diabetes was
coded 250.XX and leukemia, 204–208.

Metformin initiators [metformin (+)] and non-metformin
initiators [metformin (–)] were defined according to the
prescriptions of anti-diabetic drugs after diagnosis during the
initial 12-month period (17). Metformin (+) were patients who
had been prescribed metformin during this initial 12-month
period and metformin (–) were those without any metformin
prescription during this period.

Figure 1 shows the procedures used to create metformin (+) and
metformin (–). At first, we identified 778,300 newly diagnosed
T2DM patients followed-up from 1999 to 2009 and on at least 2
FIGURE 1 | Flowchart showing the procedures followed in creating a cohort of metformin initiators [Metformin (+)] and non-metformin initiators [Metformin (–)] from
the reimbursement database of Taiwan’s National Health Insurance.
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anti-diabetic prescriptions in the outpatient clinics. The following
patients were then excluded: patients with type 1 diabetes mellitus
(n = 3,667), patients with missing data (n = 2,566) and patients with
a diagnosis of any cancer prior to the start of follow-up or within 12
months of follow-up (n = 76,017). We also excluded patients aged
< 25 years at the start of follow-up (n = 7,242), patients aged > 75
years at the start of follow-up (n = 62,258), and patients with a
follow-up duration < 12 months (n = 16,461). As a result, we
included 610,089 patients for analyses. Among them, 414,783 were
metformin (+), and 195,306 were metformin (–).
Frontiers in Endocrinology | www.frontiersin.org 330
Table 1 shows the baseline characteristics in metformin (+)
and metformin (–). These included demographic data [age, time
elapsed since diabetes diagnosis (the time between diabetes
diagnosis and the time of the first prescription of anti-diabetic
drugs), sex, occupation and living region], major comorbidities
(hypertension, dyslipidemia, and obesity), diabetes-related
complications (nephropathy, eye disease, stroke, ischemic heart
disease, and peripheral arterial disease), diagnoses that may be
associated with cancer risk (chronic obstructive pulmonary
disease, tobacco abuse, alcohol-related diagnoses, gallstone,
TABLE 1 | Baseline characteristics in non-metformin initiators and metformin initiators.

Variable Metformin (–) Metformin (+) Standardized
difference

(n = 195,306) (n = 414,783)

n % n %

Demographic data
Age* (years) 55.61 10.92 53.85 11.07 -16.41
Time elapsed since diabetes diagnosis* (years) 1.61 1.38 1.83 1.54 17.77
Sex (men) 108,070 55.33 228,303 55.04 -0.13
Occupation**
I 76,442 39.14 173,894 41.92
II 42,149 21.58 94,215 22.71 3.23
III 44,014 22.54 75,968 18.32 -11.17
IV 32,701 16.74 70,706 17.05 0.77

Living region
Taipei 60,319 30.88 143,892 34.69
Northern 21,872 11.20 53,148 12.81 5.19
Central 34,916 17.88 74,326 17.92 0.75
Southern 34,639 17.74 62,944 15.18 -7.52
Kao-Ping and Eastern 43,560 22.30 80,473 19.40 -7.86

Major comorbidities
Hypertension 115,512 59.14 250,686 60.44 3.95
Dyslipidemia 91,557 46.88 236,370 56.99 21.82
Obesity 3,837 1.96 18,177 4.38 13.28
Diabetes-related complications
Nephropathy 26,286 13.46 51,212 12.35 -2.54
Eye disease 8,072 4.13 29,763 7.18 13.14
Stroke 31,085 15.92 63,101 15.21 -1.32
Ischemic heart disease 53,609 27.45 112,417 27.10 0.17
Peripheral arterial disease 19,779 10.13 45,226 10.90 3.42
Diagnoses that may be associated with cancer risk
Chronic obstructive pulmonary disease 61,853 31.67 138,049 33.28 4.11
Tobacco abuse 2,112 1.08 7,487 1.81 6.19
Alcohol-related diagnoses 9,028 4.62 20,151 4.86 1.60
Gallstone 14,771 7.56 30,391 7.33 -0.89
History of Helicobacter pylori infection 28,737 14.71 65,870 15.88 3.89
Epstein-Barr virus-related diagnoses 923 0.47 2,118 0.51 0.67
Hepatitis B virus infection 1,934 0.99 6,698 1.61 5.70
Hepatitis C virus infection 4,799 2.46 10,726 2.59 1.21
Diseases of the musculoskeletal system and connective tissue 153,214 78.45 342,498 82.57 12.06
Human immunodeficiency virus disease 99 0.05 211 0.05 0.12
Medications that are commonly used in diabetes patients or may affect cancer risk
Angiotensin converting enzyme inhibitor/angiotensin receptor
blocker

88,148 45.13 195,569 47.15 5.03

Calcium channel blocker 87,182 44.64 173,559 41.84 -5.24
Statin 50,026 25.61 137,451 33.14 17.37
Fibrate 43,828 22.44 101,518 24.47 5.44
Aspirin 68,807 35.23 154,083 37.15 4.84
October 2020 | Volume 11
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history of Helicobacter pylori infection, Epstein-Barr virus-
related diagnoses, hepatitis B virus infection, hepatitis C virus
infection, diseases of the musculoskeletal system and connective
tissue, and human immunodeficiency virus disease) and
medications that are commonly used in diabetes patients that
affect cancer risk (angiotensin converting enzyme inhibitor/
angiotensin receptor blocker, calcium channel blocker, statin,
fibrate, and aspirin). We classified the residence and occupation
elsewhere in details (18). We coded diseases of musculoskeletal
system and connective tissue as ICD-9-CM 710–739 and human
immunodeficiency virus disease as 042. The ICD-9-CM codes for
other diagnoses can be found in previously published papers (15,
16, 19).

We calculated the standardized difference for each covariate
as proposed by Austin and Stuart and a value > 10% was used as
an indication for potential confounding in the analyses (20).

We conducted both intention-to-treat and per-protocol
analyses to emulate a target trial that compares the risk of
leukemia associated to the use of metformin relative to non-
metformin anti-diabetic drugs. For intention-to-treat analyses, the
numerator of the incidence of leukemia was the number of newly
diagnosed cases during the follow-up, and the denominator was
the person-years of follow-up. We commenced follow-up at the
end of the initial 12-month period for the assessment of
metformin (+) and metformin (–), and ended at the diagnosis of
leukemia, death or the date of the last medical record by 31
December 2011 (whichever occurred first, with no exclusion
according to switching to or adding other anti-diabetic
drugs thereafter).

In the per-protocol analyses, we excluded patients who were not
adherent to the assigned treatment within the initial 12-month
period of exposure. We then followed-up the remainder for the
incidence of leukemia. Follow-up started at the end of the 12-
month period and ended at the first of the following events by 31
December 2011: leukemia diagnosis, death, the last reimbursement
record, or non-adherence to the assigned treatment.

We used Cox regression incorporated with the inverse
probability of treatment-weighting using propensity scores (PS)
to estimate hazard ratios and their 95% confidence intervals for
metformin (+) versus metformin (–). This method was
recommended by Austin to reduce the potential confounding
effect in the different distribution in characteristics (21). We
created PS using the logistic regression model from the start of
Frontiers in Endocrinology | www.frontiersin.org 431
follow-up plus all baseline characteristics inTable 1. The inclusion
of the start of follow-up partly accounted for some unknown risk
factors: such as the introduction of novel therapeutic agents or
changes in treatment guidelines during the long inclusion period.

Furthermore, we examined the consistency of findings using
sensitivity analyses. Firstly, we excluded the interpretation of
leukemia cases followed up for < 24 and < 36 months,
respectively, in the analyses (as an effect of treatment
assignment) (17). Secondly, we excluded patients treated with
incretin-based therapies during follow-up to avoid their potential
confounding because these therapies were introduced in Taiwan
only during the follow-up period. Thirdly, we conducted
analyses separately with included participants during two time
intervals (1999–2003 and 2004–2009), to avoid further potential
effects of some unknown risk factors such as the introduction of
novel therapeutic agents and changes in treatment guidelines.
Finally, we censored patients at 4 months and 6 months,
respectively, after the last prescription. These would have
excluded patients who had not received regular refills of anti-
diabetic drugs because in Taiwan, the NHI Bureau allows a
prescription of not more than 3 months each time. Because
metformin use can cause anemia (22–27), associated with a
higher risk of leukemia (28–30), prompting the conduction of
additional sensitivity analyses after excluding patients who had
ever been diagnosed of anemia (ICD-9-CM 280–285).

We performed data analyses using SAS statistical software
(version 9.3, SAS Institute, Cary, NC), meanwhile we considered
P < 0.05 as statistically significant.
RESULTS

Table 1 displays the baseline characteristics of metformin (–)
and metformin (+). We observed standardized difference values
> 10% for age, time elapsed since diabetes diagnosis, occupation,
dyslipidemia, obesity, eye disease, diseases of the musculoskeletal
system, and connective tissue and statin.

The median follow-up duration for metformin (–) was 6.79
years and was 5.08 years for metformin (+) in the intention-to-
treat analyses. They were 2.38 and 4.58 years, respectively, in the
per-protocol analyses.

Table 2 illustrated the incidence rates of leukemia and the
hazard ratios with their 95% confidence intervals comparing
TABLE 2 | Incidence rates of leukemia and hazard ratios comparing metformin initiators versus non-metformin initiators.

Model Incident case
number of leukemia

Cases
followed

Person-year Incidence rate
(per 100,000
person-years)

Hazard ratio 95% Confidence
interval

P value

Intention-to-treat
Metformin (–) 372 195,306 1,309,950.45 28.40 1.000
Metformin (+) 598 414,783 2,254,885.22 26.52 0.943 (0.828–1.074) 0.3793

Per-protocol
Metformin (–) 151 195,306 620,459.93 24.34 1.000
Metformin (+) 379 362,455 1,823,252.50 20.79 0.852 (0.705–1.031) 0.1000
October 20
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TABLE 3 | Sensitivity analyses.

Model Incident case
number of leukemia

Cases
followed

Person-year Incidence rate
(per 100,000
person-years)

Hazard ratio 95% Confidence
interval

P value

I. Excluding patients followed up for < 24 months
Intention-to-treat
Metformin (–) 283 177,902 1,288,885.66 21.96 1.000
Metformin (+) 397 346,503 2,168,791.69 18.31 0.891 (0.765–1.038) 0.1394
Per-protocol
Metformin (–) 82 177,902 602,830.64 13.60 1.000
Metformin (+) 239 310,991 1,764,390.14 13.55 0.808 (0.628–1.039) 0.0970
II. Excluding patients followed up for < 36 months
Intention-to-treat
Metformin (–) 230 164,514 1,255,216.89 18.32 1.000
Metformin (+) 297 298,978 2,050,558.13 14.48 0.862 (0.725–1.024) 0.0920
Per-protocol
Metformin (–) 56 164,514 578,594.22 9.68 1.000
Metformin (+) 172 271,053 1,677,117.72 10.26 0.760 (0.562–1.029) 0.0760
III. Excluding patients who had been treated with incretin-based therapies during follow-up

Intention-to-treat
Metformin (–) 358 166,985 1,087,074.03 32.93 1.000
Metformin (+) 573 343,004 1,794,891.99 31.92 0.979 (0.857–1.118) 0.7526
Per-protocol
Metformin (–) 149 166,985 549,293.74 27.13 1.000
Metformin (+) 366 292,660 1,398,347.23 26.17 0.961 (0.794–1.164) 0.6876
IV. Patients enrolled during 1999–2003
Intention-to-treat
Metformin (–) 275 110,596 920,620.00 29.87 1.000
Metformin (+) 376 175,567 1,384,679.02 27.15 0.910 (0.779–1.063) 0.2328
Per-protocol
Metformin (–) 102 110,596 392,730.35 25.97 1.000
Metformin (+) 247 158,915 1,144,021.56 21.59 0.832 (0.657–1.053) 0.1263
V. Patients enrolled during 2004–2009
Intention-to-treat
Metformin (–) 97 84,710 389,330.46 24.91 1.000
Metformin (+) 222 239,216 870,206.21 25.51 1.044 (0.819–1.330) 0.7299
Per-protocol
Metformin (–) 49 84,710 227,729.58 21.52 1.000
Metformin (+) 132 203,540 679,230.94 19.43 0.912 (0.656–1.269) 0.5852
VI. Censoring patients from the time 4 months have elapsed since the last prescription
Intention-to-treat
Metformin (–) 335 195,306 1,172,870.89 28.56 1.000
Metformin (+) 491 414,783 1,950924.96 25.17 0.895 (0.779–1.029) 0.1203
Per-protocol
Metformin (–) 135 195,306 1,172,870.89 11.51 1.000
Metformin (+) 303 362,455 1,748,533.00 17.33 1.452 (1.185–1.780) 0.0003
VII. Censoring patients from the time 6 months have elapsed since the last prescription
Intention-to-treat
Metformin (–) 345 195,306 1,192,566.74 28.93 1.000
Metformin (+) 510 414,783 1,999,911.72 25.50 0.894 (0.779–1.026) 0.1099
Per-protocol
Metformin (–) 140 195,306 1,192,566.74 11.74 1.000
Metformin (+) 319 362,455 1,796,167.77 17.76 1.456 (1.193–1.778) 0.0002
VIII. Excluding patients with a diagnosis of anemia
Intention-to-treat
Metformin (–) 342 191,348 1,283,062.87 26.65 1.000
Metformin (+) 555 408,109 2,214,811.83 25.06 0.949 (0.829–1.087) 0.4499
Per-protocol
Metformin (–) 137 191,348 606,481.33 22.59 1.000
Metformin (+) 354 356,832 1,793,992.76 19.73 0.874 (0.717–1.067) 0.1865
Frontiers in Endocrinology
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metformin (+) versus metformin (–) in the intention-to-treat
and the per-protocol analyses. Both analyses suggested a null
association between metformin use and leukemia risk. The
hazard ratio in the intention-to-treat analysis was 0.943 (95%
confidence interval: 0.828–1.074) and was 0.852 (95% confidence
interval: 0.705–1.031) in the per-protocol analysis.

Sensitivity analyses in Table 3 supported the finding of a null
association in the main analyses displayed in Table 2 (seen
above). However, when censoring patients at the time of not
receiving regular refills, metformin (+) had a significantly higher
risk of leukemia in the per-protocol analyses (Models VI and
VII). After excluding patients with a diagnosis of anemia (Model
VIII), the results in the analyses did not deviate much from the
main analyses shown in Table 2.
DISCUSSION

This is the first human study investigating the risk of leukemia
after metformin use in T2DM patients. Unlike many previous
studies that showed beneficial effects of metformin on the
prevention of solid cancers (14) and some recent in vitro
studies suggesting an inhibitory effect of metformin on the
growth of leukemic cells (11, 12), the findings of the present
study did not support a beneficial effect of metformin on
leukemia in human beings (Tables 2 and 3). In the main
analyses, the risk of leukemia was neutral while comparing
metformin (+) versus metformin (–) in either the intention-to-
treat or the per-protocol analysis (Table 2). However, from the
sensitivity analyses in the per-protocol models that censored
patients at the time of without regular refills, we observed a
significantly increased risk among metformin (+) (Models VI
and VII, Table 3). These sensitivity analyses (by including only
patients with regular refills and adhering to metformin treatment
within the desired follow-up person-years), implied a possible
devastating effect of metformin on leukemia.

Deficiency in vitamin B12 (22, 23, 26, 27), folic acid (24), and/or
iron (25) is a known potential long-term side effect of metformin
treatment and deficiency in thesemicronutrients has been known to
increase the risk of leukemia (28–30). Though not yet clarified, one
of the possible explanations for a neutral or even devastating effect of
metformin on leukemia is that the beneficial effects observed in in
vitro studies (11, 12) could be obliterated by the deficiency in these
micronutrients after long-term use of metformin.

Metformin is well known for its activation of AMPK and one of
the mechanisms of preventing cancer is through its activation of
AMPK resulting in the inhibition of mTOR (10, 11). A recent in
vitro study suggested another potential mechanism through the
downregulation of the AXL receptor tyrosine kinase (12).
However, another recent in vitro and in vivo study suggested
that only phenformin but not metformin could delay the
development of T cell acute lymphoblastic leukemia/lymphoma
(31). It is worth mentioning that some recent studies suggested that
AMPK activators can also exert an opposite effect of promoting
tumor cell survival through alternative pathways [involving redox
Frontiers in Endocrinology | www.frontiersin.org 633
regulation to maintain nicotinamide adenine dinucleotide
phosphate (NADPH) and inhibit cell death] (32). Therefore, it is
possible that metformin may exert anti-leukemic effects on one
hand, but counteracted by its pro-survival pathways and its side
effect of deficiency in micronutrients. The possible differentiation
between solid tumors and leukemia in the activation of signaling
pathways by AMPK on either the inhibition of mTOR or the
activation of NADPH, could explain the different effects of
metformin on the prevention of solid tumors and leukemia seen
in previous observational studies. A recent study in a cancer center
in New York compared the overall and disease-free survival rates in
924 diabetes patients on metformin with newly diagnosed solid
tumors or acute myeloid leukemia. This analysis revealed a lack of
metformin benefit in leukemia but a significant benefit for patients
with solid tumors (33). The “two-faces” of AMPK on cancer has
been an issue under vigorous discussion by some investigators
recently (34–36). However, these speculations require further
investigation for confirmation.

The present study has several clinical implications. Firstly, in
vitro studies usually investigate a specific pathway and ignore the
complex actions of and interactions with other biological pathways.
Therefore, we cannot readily interpret the findings of metformin
benefits on leukemic cells derived from in vitro studies (6, 7, 11,
12). Secondly, an overall neutral effect of metformin on leukemia
risk (Table 2) and the potentially higher risk observed in patients in
persistent use (per-protocol analyses, Models VI and VII, Table 3),
calls for a cautious attention to the ongoing preclinical trials
investigating the use of metformin as a therapeutic agent for
leukemia (14). Thirdly, the possibility of differential responses to
AMPK activators (such as metformin) between solid tumors and
leukemia opens a new interesting venue for future research. Finally,
though not proven, the hypothetical role of deficiency in vitamin
B12, folic acid, or iron in the increased risk of leukemia speculated
from the results (Models VI and VII, Table 3), calls for an attention
to closely monitor levels of these micronutrients among metformin
users. The timing for supplementation of these micronutrients
among metformin users is an issue of clinical importance that
requires vigorous research.

This study has been conducted with special attention to the
potential methodological limitations commonly seen in
pharmacoepidemiological studies such as selection bias,
prevalent user bias, immortal time bias, and confounding by
indication, as discussed previously (37).

Limitations of the study include the lack of measurement data
on some potential risk factors such as hemoglobin level, serum
concentrations of vitamin B12, folic acid, and iron, anthropometric
factors, lifestyle, smoking, alcohol drinking, nutritional status,
dietary patterns, family history, genetic markers, ionizing
radiation, and environmental/occupational exposures. There are
different categories of leukemia but we could not evaluate the effect
of metformin on each specific category due to the lack of data.
Whether the findings derived from the diabetes patients can be
applied to non-diabetes ones, await additional confirmation.

In summary, this is the first observational study evaluating the
effect of metformin on the risk of leukemia in humans. The
October 2020 | Volume 11 | Article 541090
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findings suggest an overall neutral effect, but we cannot exclude a
significantly higher risk in patients who adhered persistently to
the treatment for up to five years. We recommend further studies
in other populations and in non-diabetes participants in order to
consolidate the findings of this study.
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Background: Chinese medicine has been used to treat diabetes symptoms for
thousands of years. Dioscoreae rhizome or Shanyao is a Chinese medicinal herb that is
routinely used in the treatment of diabetes mellitus (DM).

Objective: The purpose of this study is to evaluate the evidence of the added benefits and
safety of herbal formulae containing Shanyao in clinical studies and the possible
mechanisms of Shanyao in the prevention and treatment of DM in experimental studies.

Methods: We searched nine databases for randomized controlled trials (RCTs) that
included Shanyao in the formulae in the treatment of type 2 DM. Furthermore,
experimental studies on the prevention and treatment of DM by Shanyao in English-
and Chinese-language databases were identified.

Results: Fifty-three moderate quality RCTs with herbal formulae containing Shanyaowere
identified. Results frommeta-analysis indicated that Shanyao alone or formulae containing
Shanyao in addition to conventional treatments could benefit people with type 2 DM in
lowering blood glucose, blood lipids and reducing insulin resistance. Moreover, adverse
events were significantly lower in the CHM plus conventional group than those in the
conventional group. Shanyaomay exert the benefit through various mechanisms including
inhibition of a-glucosidase and DPP-IV activity, increase of endogenous GLP-1 and
immune regulating activities.

Conclusion: Evidence from this review suggested that there appeared to be added
clinical benefits associated with the use of Shanyao for DM, whether as a food supplement
or as a CHM combined with hypoglycemic agents with a good safety profile.

Keywords: Dioscoreae rhizome, Shan yao, Chinese medicine, diabetes, systematic review, efficacy,
safety, mechanism
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INTRODUCTION

Diabetes mellitus (DM) prevalence is growing at an alarming rate
worldwide. According to the International Diabetes Federation,
about 463 million adults worldwide suffer from DM (1). Among
them, China is the country with the largest number of people
suffering from DM.

Approximately 95% of the diabetic population is T2DM,
followed by type 1 diabetes mellitus, gestational diabetes
mellitus, and specific types of diabetes due to other causes (2).
Patients with type 1 diabetes mellitus and gestational diabetes
mellitus are mainly treated with insulin supplementation and
replacement therapy. Specific etiology and pathogenesis of other
types of DM vary, and the treatment plan is not unified.
Therefore, this study focuses on patients with T2DM.

Epidemiological figures showed that the prevalence of type 2
diabetes mellitus (T2DM) in adults aged 18 and over in China is
10.9% and that of pre-diabetes is 35.7% (3). T2DM is a chronic
progressive disease. Da Qing research, a registry cohort study
with long term follow-up in China showed that 67.7% of pre-
diabetic people will develop DM after six years without early
intervention, but the risk of T2DM in the combined diet and
exercise group can be reduced by 42% (4). UK Prospective
Diabetes Study suggested that strict glycemic control can
reduce the risk of diabetic complications (5). Early active
management can be more beneficial for diabetic people, which
coincides with the idea of “cure disease before disease onset” in
traditional Chinese medicine (TCM).

Treating diabetes by conventional medicine includes oral and
injectable hypoglycemic agents. Diabetic patients often need a
combination of several drugs. Common concerns of doctors and
diabetic patients include hypoglycemia, gastrointestinal
discomfort, inconvenience of missing medicines and injectable
medicines. The Chinese Diabetes Society (CDS) guidelines of
2017 presented information of TCM for diabetes and
recommended the use of TCM (6). In China, it has been
observed that doctors in the field of diabetes are also looking
for diverse treatments including TCM (6).

In TCM, DM belongs to the category of disease called “xiao ke
消渴”. Disease characteristics include thirst, excessive drinking,
polyuria, and weight loss. The pathogenesis of DM in TCM is qi
and yin deficiency and excessive dryness and heat. Commonly
used formulae by TCM practitioners include Liu wei di huang
wan 六味地黄丸, Shen qi wan肾气丸, and Ba wei wan八味丸 (7).
Shanyao (Dioscoreae rhizome) is the root of Dioscorea opposita
Thunb. (8); it is one of the main herbs in the above formulae.
Shanyao has been widely used in the treatment of xiao ke消渴or
diabetes since the ancient times. It is a popular herb and can also
be consumed as a type of food. Active ingredients of Shanyao
include polysaccharides, flavonoids, allantoin, choline, and
dioscin (9–14).

This study will review evidence of Shanyao for DM from
clinical research and experiment research results from Chinese-
and English-language databases and present the evidence on
added benefits and safety of herbal formula containing Shanyao
in clinical studies. Possible mechanisms of Shanyao in the
Frontiers in Endocrinology | www.frontiersin.org 237
prevention and treatment of DM in experimental studies are
also investigated.
METHODS

Systematic Review of Clinical Trials
Search Strategy
We searched English- andChinese-language databases and followed
the methods outlined in the Cochrane Handbook of Systematic
Reviews (15). English-language databases included PubMed,
ExcerptaMedica Database (Embase), Cumulative Index of Nursing
and Allied Health Literature (CINAHL), Cochrane Central Register
of Controlled Trials (CENTRAL), including the Cochrane Library,
and Allied and Complementary Medicine Database (AMED);
Chinese-language databases included China SinoMed, China
National Knowledge Infrastructure (CNKI), Chongqing VIP
(CQVIP), and Wanfang. Databases were searched from inception
to March 2019. No restrictions were applied.

Search terms were grouped into three blocks: 1) intervention
(formulae including Shanyao, dioscoreae rhizome); 2) clinical
condition (including type 2 diabetes mellitus); and 3) trial design
(including clinical trial, randomized controlled trial).

We also searched reference lists of previous systematic
reviews and included studies. Clinical trial registries were also
searched including the Australian New Zealand Clinical Trial
Registry (ANZCTR), Chinese Clinical Trial Registry (ChiCTR),
European Union Clinical Trials Register (EU-CTR) and USA
National Institutes of Health register (ClinicalTrials.gov). When
required, we contacted trial investigators by email or telephone
to obtain data. If we didn’t receive a response after four weeks, we
marked the unknown information ‘not available’.

Protocol of the review was registered with the PROSPERO
international prospective register of systematic reviews
(CRD 42019145668).

Study Inclusion Criteria
Study design
Randomized controlled trials (RCTs) were eligible.

Participants
Adults were diagnosed with T2DM using the following
guidelines: 1999 World Health Organization (WHO) (16),
Chinese Diabetes Society (17, 18), American Diabetes
Association (2), or a description of diagnostic criteria including:

• Fasting blood glucose (FBG, defined as no caloric intake for at
least 8 h) ≥126 mg/dl (7.0 mmol/L),

• Or 2-h plasma glucose (PG) ≥200 mg/dl (11.1 mmol/L)
during an oral glucose tolerance test (OGTT). The test
should be performed as described by the WHO, using a
glucose load containing the equivalent of 75 g anhydrous
glucose dissolved in water.

• Or A1C ≥6.5% (48 mmol/mol). The test should be performed in
a laboratory using a method that is National Glycohemoglobin
Standardization Program certified and standardized to the
Diabetes Control and Complications Trial assay.
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• Or in a patient with classic symptoms of hyperglycemia or
hyperglycemic crisis, a random plasma glucose ≥200 mg/dl
(11.1 mmol/L). In the absence of unequivocal hyperglycemia,
results should be confirmed by repeat testing.

Type of Interventions
CHM, other CM therapies (for example, Chinese medicine dietary
therapy), and integrative medicine such as CHM plus
hypoglycemic drugs; all the interventions should include Shanyao.

Type of Controls
Conventional therapies recommended in guidelines, including
pharmacotherapy, diet therapy and lifestyle interventions.

Outcomes
The primary outcome measures were:

• Blood glucose tests (fasting blood glucose, post-prandial
blood glucose, hemoglobin a1c);

• Adverse events (AEs);

The secondary outcomes were:

• Blood lipid metabolism indicators (triglyceride, cholesterol,
low-density lipoprotein, high-density lipoprotein);

• b-cell function indicators: fasting serum insulin (Fins) the
unit of FINS is pmol/L or mu/ml will be included (pmol/L =
mu/ml × 6.965); HOMA-IR(IR) = FBG × FINS/22.5; HOMA-
IS (IS) = 1/(Fins × FPG);

• Body Mass Index (BMI).

Study Exclusion Criteria

• Quasi-randomized controlled trials;
• Prediabetic state;
• Type 1 diabetes;
• Gestational diabetes;
• Other specific types of diabetes included in the American

Diabetes Association and Chinese Diabetes Society:
Frontier
◦ Genetic defects of beta-cells
◦ Genetic defects in insulin action
◦ Diseases of the exocrine pancreas
◦ Endocrinopathies
◦ Drug or chemical induced diabetes
◦ Infections
◦ Uncommon forms of immune-mediated diabetes
◦ Other genetic syndromes sometimes associated with

diabetes
• Diabetic complications and comorbidities;
• Integrative medicine studies that used different therapies in

the intervention group and control group;
• If the control group uses a form of Chinese medicine.

Data Extraction and Management
Search results were synthesized by removing duplicates, followed
by screening of titles and abstracts by LS and YD. Full texts were
obtained and screened by two reviewers (LS and YD). Eligible
s in Endocrinology | www.frontiersin.org 338
studies satisfying the inclusion criteria were extracted using
EpiData software (EpiData Association, Odense, Denmark). LS
and YD extracted the data from the included studies
independently and double-checked the data to obtain
information on authors, publication year, title, journal,
participants’ characteristics, sample size, methodological
details, intervention details, treatment duration, outcome
measures, and AEs.

Assessment of Risk of Bias in Included Studies
Risk of bias was assessed using the Cochrane Collaboration’s
procedures (15). RevMan software (Version 5.2.4, Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collaboration,
2012) was used for risk of bias analysis. Items of bias assessed
included sequence generation, allocation concealment, blinding
of participants, blinding of personnel, blinding of outcome
assessment, incomplete outcome data, selective outcome
reporting and other bias including baseline imbalance and
funding. Egger’s test was used to assess publication bias.
Publication bias was assessed when the subgroup included
more than 10 studies.

Risk of bias assessment was conducted by two independent
reviewers (LS and YD) and disagreement was resolved by
discussion or consultation with a third person (TZ).

Data Analysis
Continuous outcomes were presented as mean difference (MD)
with 95% confidence interval (CI) between two groups, whereas
dichotomous data were presented as relative risk (RR) with 95%
CI. Stata software (13.0) was used for data analysis. Considering
heterogeneities among trials, all meta-analyses were performed
with random effects model. Heterogeneities between studies was
estimated by I2. An I2 score greater than 50% was considered to
indicate substantial heterogeneity.

Predefined comparisons in the meta-analysis were as follows:
(1) CHM plus hypoglycemic agents versus hypoglycemic agents,
(2) CHM plus lifestyle intervention versus lifestyle intervention,
(3) CHM diet therapy plus lifestyle intervention versus
lifestyle intervention.

Subgroup analysis were performed where possible, including
studies with low risk for sequence generation, FBG level at
baseline(6–≤8 mmol/L, 8–10 mmol/L, ≥10 mmol/L), patient
age groups (18–40 years, 41–64 years, >65 years), BMI (normal <
24 kg/m2, overweight ≥ 24–28 kg/m2, obese ≥ 28 kg/m2), disease
duration (<5 years, ≥5–10years, ≥10 years), treatment duration (≤3
months, 3–6 months, and ≥6 months), comparator drugs class and
CM syndrome differentiation (19–23).

The Grading of Recommendations Assessment, Development
and Evaluation (GRADE) approach was used to assess the
quality of evidence.

Pharmacological Research Evidence
of Shanyao for DM
The constituent compounds were identified by searching herbal
monographs, high quality reviews of CHM, pharmacopoeia of
the People’s Republic of China (24), and PubMed. To identify
preclinical publications a literature search of PubMed and China
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National Knowledge Infrastructure was undertaken. The search
strategy included the terms for Shanyao and its constituent
compounds and T2DM. Relevant data were extracted, and a
summary of the findings are reported here.
RESULTS

Modern Literature Results
Description of Included Studies
Search Results
Our search identified 44,958 articles in the included databases.
Fifty-three (53) RCTs involving 4,905 participants were included
in the systematic review (25–77). The screening process is shown
in Figure 1.

Characteristics of the Included Studies
All studies were randomized, parallel-group, controlled trials
conducted in China between 2002 and 2018. One study
published was in English (44) and the rest in Chinese
language. All studies included participants diagnosed in
accordance with the 1999 WHO, Chinese Diabetes Society or
American Diabetes Association diagnostic criteria for T2DM. In
total, 4,905 participants were included in these RCTs;
participants’ age ranged from 45 to 74 years. Duration of
T2DM ranged from 1 week to 20 years. Treatment duration
ranged from 2 to 24 weeks. Only one study had a follow-up for 30
weeks (65). Characteristics of included studies are summarized
in Table 1.

Fifty-three (53) RCTs assessing CHM as food or integrative
medicine for T2DM were identified from the search. 51 studies
assessed the combination of CHM with conventional medication
(integrative medicine) (27–77). One study compared CHM to
lifestyle intervention (26); one study compared Chinese medicine
diet therapy to lifestyle intervention (25).
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Ninety-eight herbs were used in the formulae, and the most
commonly used herb used with Shanyao 山药 werehuangqi 黄芪

(42 studies), shengdihuang 生地黄 (30 studies), gegen 葛根

(28 studies), tianhuafen 天花粉 (28 studies), danshen 丹参 (26
studies), fuling 茯苓 (23 studies), maimendong 麦门冬 (22
studies), shanzhuyu 山茱萸 (21 studies), and huanglian 黄连

(16 studies).
Comparators included pharmacologic therapy and lifestyle

intervention. Pharmacologic therapy used in the included RCTs
includes biguanides, sulfonylureas, thiazolidinediones, a-
glucosidase inhibitors, DPP-4 inhibitors, and insulins. Lifestyle
management of T2DM includes diabetes self-management
education and support, medical nutrition therapy, physical
activity, and psychosocial care.

CM syndrome differentiation was described in thirty-four
studies (26, 28, 29, 31–41, 43, 46, 48–50, 52, 53, 55, 57, 59–62, 64,
67, 69, 71, 74, 75, 77). The most common syndromes described in
the studies include qi and yin deficiency 气阴两虚, yin deficiency
and excessive heat 阴虚热盛, damp heat retention 湿热阻滞,
spleen deficiency 脾虚, phlegm-dampness, and blood stasis 痰

湿血瘀.

Risk of Bias in the Included Studies
The results of the risk of bias judgements are presented in Figure
2 and Figure 3. All included 53 studies were randomized; 15
trials described the process of random sequence generation (25,
26, 31, 32, 34, 37, 38, 43, 44, 46, 62, 64, 65, 69, 73); two trials
implemented allocation concealment (25, 37). One study was
described as “single-blind“ trial with no further details (37).
Considering all included outcome measures were objective
outcomes, blinding of assessors has low risk of influencing the
outcome measures and was judged as low risk of bias in all
included studies. Twelve trials did not report on all outcome
measures described in theMethods section (37, 40, 44, 53, 56–58,
60, 62, 63, 75, 77), three trials reported on AEs which were not
FIGURE 1 | Flow chart of study selection process.
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TABLE 1 | Basic characteristics of the included studies in modern literature.

A1c TG TC LDL HDL BMI FINS IR IS AEs

√ √ × × × × × × ×
√ √ × × × × × × √

× × × × × √ √ √ √

√ √ √ √ × × × × √

× × × × × × × × ×
× × × × × × × × ×
√ √ √ √ × × × × ×
√ √ √ √ √ √ √ × √

√ √ √ √ × × × × ×
× × × × × × × × √

√ √ √ √ × × × × ×
× × × × × × × × ×
√ √ √ √ × × × × ×
× × × × × √ × × ×
√ √ √ √ × × × × √

× × × × × × × × ×
√ √ √ √ × × × × ×
× × × × × × × × ×
√ √ √ √ × × × × ×
× × × × × × × × ×

× × × × × √ √ × ×
√ √ √ √ × √ √ × √

√ √ √ √ × × × √ ×

√ √ √ √ × × × × √

√ √ √ √ × √ √ × √

× × × × × √ √ √ ×
√ √ × × √ × × √ √

√ √ √ √ × × × × ×
× × × × √ × × × ×
√ √ √ √ × × × × ×
× × × × × × × × ×
× × × × × × × × ×
× × × × × × × × ×
× × × × × × × × √

× × × × × × × × ×
√ √ √ √ × √ × × √

√ √ √ √ × × × × √

× × × × × × × × √

× × × × × × × × ×
× × × × × × × × √

√ √ √ √ √ √ √ × ×
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NO. Study Sample
size

Sample
size

Mean
age(y)

Mean
age(y)

Treatment Control Duration
(w)

FBG 2hPG Hb

(I) (C) (I) (C)

1 Bai (42) 40 30 48.27 49.23 SMF&Bigu&Sulf Bigu/Sulf 4 √ √

2 Cao et al. (77) 68 68 48 47 SMF&Bigu Bigu 8 √ √

3 Cao and Zou (76) 54 54 56.7 54.5 Baihurenshen Formula&Sulf Sulf 8 √ √

4 Chen (30) 24 26 60.33 61.35 a-Glucosidase or Insulins a-Glucosidase/
Insulins

6 √ √

5 Cui and Lou (75) 40 40 56.75 52.57 SMF&Bigu&Sulf Bigu&Sulf 8 √ √

6 Fan et al. (74) 40 40 42–74 40–73 Shenqijiangtang Granule&Bigu Bigu 12 √ √

7 Gao et al. (73) 90 90 58.9 57.6 Shenqijiangtang Capsule&Bigu Bigu 12 √ √

8 Hou (72) 30 30 46.12 46.78 seld-made Formula&Bigu&a-
Glucosidase

Bigu&a-Glucosidase 8 √ √

9 Li (25) 45 45 69.76 69.44 Chinese medicine diet therapy No treatment 12 √ √

10 Li (32) 30 30 NS NS SMF&Bigu&a-Glucosidase Bigu&a-Glucosidase 4 √ √

11 Li et al. (71) 102 100 57.20 58.46 Jiangtang Capsule&Sulf Sulf 4 √ √

12 Lin (40) 20 20 56.2 54.8 Zhibodihuang Formula&Bigu Bigu 4 √ √

13 Liu et al. (70) 29 29 46.5 46.9 SMF&Bigu Bigu 12 √ ×
14 Liu et al. (69) 30 30 NS NS SMF&DPP4 DPP4 12 √ √

15 Liu (29) 30 30 57.3 56.7 SMF&Bigu&Sulf Bigu&Sulf 12 √ √

16 Lou and Zhao (68) 52 50 53.5 54 SMF&Bigu Bigu 8 √ √

17 Lv et al (35) 60 60 54.61 55.77 Yuye Formula&insulin insulin 4 √ √

18 Lv et al. (67) 45 30 58.9 58.8 SMF&a-Glucosidase a-Glucosidase 4 √ √

19 Peng et al. (66) 25 25 57 58 SMF&Bigu&a-Glucosidase Bigu&a-Glucosidase 8 √ √

20 Peng and Xu (36) 68 68 74.86 75.01 Shenqi JiangTang Pill&a-
Glucosidase

a-Glucosidase 7 √ √

21 Shang et al. (65) 30 30 48.36 47.97 SMF&CSII CSII 8 × ×
22 Tang and Li (64) 69 69 51.6 50.4 Liuweidihuang Pill&Bigu Bigu 12 √ √

23 Wang and Wang
(27)

29 27 59.1 59.2 SMF&Bigu&Sulf Bigu&Sulf 8 √ √

24 Wang (37) 30 30 68.2 67.3 SMF&CSII CSII 2 √ ×
25 Wang (43) 30 30 50.3 53.2 Gankujiangtang Formula&Bigu Bigu 12 √ √

26 Wang (33) 30 30 50 53.7 Zhibodihuang Formula&Sulf Sulf 4 √ √

27 Wu (28) 20 18 51.85 54.78 SMF&Bigu Bigu 8 √ √

28 Xie and Lu (63) 135 133 35-64 36–60 Dihuangjiangtang pill&Bigu Bigu 12 × ×
29 Xu et al. (62) 20 20 54 55 Shenlinbaizhu Formula&insulin insulin 12 × ×
30 Yang (39) 30 30 NS NS Qianwenwu Formula&Bigu Bigu 9 √ √

31 Yu et al. (60) 40 40 56.2 55.4 Taipingtangke Pill&Bigu Bigu 12 √ √

32 Yu et al. (61) 30 30 32-64 34–67 SMF&Bigu Bigu 8 √ √

33 Zhang et al. (59) 30 30 46.4 47.3 SMF&Bigu Bigu 4 √ √

34 Zhang et al. (52) 32 30 54.4 56.5 SMF&Bigu Bigu 8 √ √

35 Zhang et al. (57) 36 20 42–59 44–57 SMF&Bigu Bigu 4 √ √

36 Zhang et al. (58) 100 50 52.6 50.5 SMF&Bigu&Sulf Bigu&Sulf 8 √ √

37 Zhang and Pan (56) 120 60 46.5 46.4 Shendishengjin Capsule&Sulf Sulf 8 √ √

38 Zhang (41) 30 30 NS NS SMF&Bigu&a-Glucosidase Bigu&a-Glucosidase 8 √ √

39 Zhang (38) 32 31 54 56 SMF&Bigu&a-Glucosidase Bigu&a-Glucosidase 12 √ √

40 Zhang (26) 34 32 51 49 self-made Formula No treatment 4 √ √

41 Zhang (34) 48 44 52.3 54.2 Jiaweishenqidihuang Formula&Bigu Bigu 12 √ ×

40
×
√

×
√

√

√

√

√

×
√

×
√

√

×
√

√

×
√

×
×

×
√

√

√

√

×
√

×
×
√

√

×
√

√

√

×
×
√

√

×
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included in the methods section (38, 50, 64). Publication bias was
not detected (Egger’s test, t = −0.71, P = 0.48). The overall
methodological quality of the included studies was moderate.
Effects of Intervention
CHM Plus Hypoglycaemic Agents Versus Hypoglycaemic
Agents
Fasting Blood Glucose. Forty-eight RCTs including 4,375
participants assessed the effects of CHM plus hypoglycemic
agents versus hypoglycemic agents alone; these studies used the
same hypoglycemic agents in both groups (27–61, 64, 66–77).
Treatment duration ranged from 2 to 24 weeks. Different classes
of hypoglycemic agents were used across studies including
biguanides, sulfonylureas, a-Glucosidase inhibitors, DPP-4
inhibitors and insulins. Specific hypoglycemic agents include
metformin, gliclazide, glibenclamide, gliquidone, glimepiride,
acarbose, sitagliptin, and insulin.

The integrative use of CHM plus hypoglycemic agents was
superior to hypoglycemic agents alone at reducing FBG levels at
the end of treatment [MD −0.93 (−1.10, −0.76); I2 = 84.2%],
although heterogeneity was high. Meta-analysis of studies
assessed as low risk of bias for sequence generation produced a
similar result to the overall results with reduced heterogeneity
[11 RCTs, 1,050 participants, MD −0.68 (−0.89, −0.47); I2 =
67.9%] (31, 32, 34, 37, 38, 43, 44, 46, 64, 69, 73).

Subgroup analyses based on comparator drug class, patient
age groups, basel ine levels of FBG, CM syndrome
differentiation, treatment duration, disease duration, and
baseline levels of BMI all showed significant differences
between groups (Table 2).

2-h Postprandial Blood Glucose. Forty-three RCTs including
4,004 participants assessed the effects of CHM plus hypoglycemic
agents compared to hypoglycemic agents alone (27–33, 35, 36,
38–44, 46–52, 54–61, 64, 66–69, 71–77). All studies used the
same hypoglycemic agent in both groups. Hypoglycemic agents
included biguanides, sulfonylureas, a-glucosidase inhibitors,
DPP-4 inhibitors, and insulins. Specific agents include
metformin, gliclazide, glibenclamide, glimepiride, gliquidone,
glipizide, pioglitazone, acarbose, voglibose, sitagliptin, and
insulin. Treatment duration ranged from 4 to 24 weeks.

Meta-analysis results showed that as integrative medicine,
CHM plus hypoglycemic agents was superior to hypoglycemic
agents alone at reducing 2hPG levels at the end of treatment
[MD −1.46 (−1.73, −1.20), I2 = 86.2%]. Heterogeneity remained
high after sensitivity analysis with studies with low risk of bias
for sequence generation [nine studies, n = 895, MD −1.64
(−2.27, −1.02); I2 = 91.8%] (31, 32, 38, 43, 44, 46, 64, 69, 73)
(Table 2).

Grouping of studies using metformin produced the biggest
pool with 16 RCTs and 1,572 participants. The effect on 2hPG is
similar to the overall result with reduced heterogeneity [MD
−1.46 (−1.73, −1.20); I2 = 44.3%] (28, 39, 40, 43, 47, 52, 54, 57,
59–61, 64, 68, 73, 74, 77). Combinations of different drug classes
also showed a significant difference between groups, but
heterogeneity remained high. Additional subgroup analyses
based on patient age groups, baseline levels of FBG, CM
T
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syndrome differentiation, treatment duration, disease duration,
and baseline levels of BMI all showed significant differences
between groups (Table 2).

Hemoglobin A1c. Thirty-five RCTs including 3,009
participants assessed the effects of CHM plus hypoglycemic
agents versus hypoglycemic agents alone (27–32, 34, 37–45,
47–49, 51–55, 57, 59, 60, 64, 67, 68, 70, 72–77). All studies
used the same hypoglycemic agents in both groups, including
biguanides, sulfonylureas, a-glucosidase inhibitors, and insulins.
Specific agents include metformin, gliclazide, glipizide,
gliquidone, voglibose, acarbose, and insulin. Treatment
duration ranged from 2 to 24 weeks.

CHM plus hypoglycemic agents was superior to
hypoglycemic agents alone [MD −0.84 (−1.05, −0.64), I2 =
88.2%]. Heterogeneity remained high in subgroup analysis
except in two subgroups where sulfonylureas or biguanides
plus sulfonylureas were combined with CHM (Table 2). In two
RCTs with 120 participants, the result indicated that the value of
HbA1c was reduced in people receiving CHM plus sulfonylureas
compared to sulfonylureas alone [MD −0.65 (−1.07, −0.24), I2 =
0.0%] (49, 55). CHM plus biguanides and sulfonylureas were
used as comparator in three RCTs, including 196 participants;
the result showed that in the integrative medicine group, HbA1c

significantly lower compared to pharmacotherapy group alone
[MD −0.35 (−0.68, −0.02), I2 = 0.0%] (27, 29, 75).

Blood Lipid Metabolism Indicators. Total Cholesterol. Twenty-
four RCTs including 2,582 participants assessed the effects of
CHM plus hypoglycemic agents versus hypoglycemic agents
alone (27–31, 34, 35, 37, 39, 42–45, 54, 56, 58, 63, 64, 66, 70–73,
77). All studies used the same hypoglycemic agents in both
groups; specific agents include metformin, glibenclamide,
glipizide, glimepiride, acarbose, and insulin. Treatment duration
ranged from 2 to 12 weeks.

Meta-analyses showed that CHM in addit ion to
hypoglycemic agents was superior to hypoglycemic agents
alone at reducing TG levels in T2DM patients [MD −0.40
(−0.51, −0.29), I2 = 79.2%]. Meta-analysis of studies assessed as
low risk for sequence generation produced a similar result that
was more homogeneous [seven RCTs, 792 participants, MD
−0.36 (−0.50, −0.22); I2 = 50.5%] (31, 34, 37, 43, 44, 64, 73).
Frontiers in Endocrinology | www.frontiersin.org 742
Subgroup analyses by patient age groups, FBG level at
baseline, disease duration and BMI levels at baseline showed
similar effects on TG (Table 2). Combined use of CHM with
biguanides, insulin, biguanides plus sulfonylureas and biguanides
plus a-Glucosidase also produced significant difference between
groups; results are like the overall analysis (Table 2).The
combination of CHM to a sulfonylureas did not produce a
better result than these agents alone (56, 71) (Table 2). In
studies that provided details on CM syndrome differentiation,
adding CHM to hypoglycemic agents showed more benefit in
reducing TG levels in patients with qi and yin deficiency (29, 31,
34, 35, 37, 39, 71, 77), yin deficiency with excessive heat (43, 64),
but not those with spleen deficiency (28) (Table 2).

Triglyceride. Twenty-four RCTs including 2,582 participants
assessed the effects of CHM plus hypoglycemic agents versus
hypoglycemic agents alone (27–31, 34, 35, 37, 39, 42–45, 54, 56,
58, 63, 64, 66, 70–73, 77). All studies used the same hypoglycemic
agents in both groups; specific agents include metformin,
glibenclamide, glipizide, glimepiride, acarbose, and insulin.
Treatment duration ranged from 2 to 12 weeks.

Meta-analyses showed that CHM in addit ion to
hypoglycemic agents was superior to hypoglycemic agents
alone at reducing TC levels in T2DM patients [MD −0.40
(−0.58, −0.22), I2 = 95.2%]. Meta-analysis of studies assessed as
low risk of bias for sequence generation showed no difference
between groups [seven RCTs, 792 participants, MD −0.34 (−0.86,
0.19); I2 = 98.3%] (31, 34, 37, 43, 44, 64, 73).

Subgroup analysis showed that the combination of CHMwith
sulfonylureas (56, 71), insulin (31, 35, 44), or biguanides plus
sulfonylureas (27, 29, 58) was not superior at reducing TC levels
(Table 2). Studies with patient’s age group of 41–61years (20
RCTs, n = 2,230) (27–31, 34, 35, 42–44, 56, 58, 63, 64, 66, 70–73,
77) showed a significant difference between the two groups [MD
−0.39 (−0.59, −0.18); I2 = 96.0%] but not in the two studies with
patients who are older [n = 120, MD −0.46 (−0.99, 0.08); I2 =
57.8%] (37, 45). Subgroup analyses by FBG level at baseline
showed similar effects on TC. Analysis on studies that provided
CM syndrome information showed that integrative medicine was
superior to hypoglycemic agents alone in patients with qi and yin
deficiency (29, 31, 34, 35, 37, 39, 71, 77), but not those with yin
FIGURE 2 | Risk of bias of included studies.
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deficiency and excessive heat (43, 64) or spleen deficiency (28)
(Table 2). Studies with disease duration was 5–10 years [six
RCTs, n = 612, MD −0.63 (−0.77, −0.50); I2 = 76.8%] (29, 54, 66,
70, 71) showed a significant difference between the two groups
but not in the study with disease duration of less than 5 years (27,
28, 43, 56, 63, 64, 72) or equal or more than 10 years (31, 37, 44,
45, 73, 77) disease duration subgroup (Table 2). Additional
subgroup analyses by BMI level at baseline showed no
difference between groups (Table 2).

Low Density Lipoprotein and High-Density Lipoprotein.
Twenty-one RCTs including 2,338 participants assessed the
effects of CHM plus hypoglycemic agents versus hypoglycemic
agents alone (27, 29–31, 34, 35, 37, 39, 43–45, 54, 56, 58, 63, 64,
66, 70–73). Different classes of hypoglycemic agents were used,
and treatment duration ranged from 2 to 12weeks.

Meta-analysis of 21 studies showed that CHM plus
hypoglycemic agents was superior to hypoglycemic agents
alone at reducing LDL levels at the end of treatment [MD
−0.45 (−0.65, −0.27); I2 = 97.4%]; however, heterogeneity was
high. Seven studies were assessed as low risk of bias for sequence
generation, subgroup analysis showed similar results to the
overall studies (31, 34, 37, 43, 44, 64, 73). Subgroup analysis by
drug class showed that CHM added to sulfonylureas (56, 71) or
insulin (31, 35, 44) was no superior at reducing LDL levels
compared to sulfonylureas or insulin alone (Table 2). Subgroup
analyses by FBG level at baseline, disease duration or BMI level at
baseline showed similar effects on LDL. Studies with age group of
41–64 years showed significant between group results (27, 29–31,
34, 35, 43, 44, 56, 58, 63, 64, 66, 70–73). In studies that provided
details on CM syndrome differentiation, subgroup analysis
showed that CHM is better at reducing LDL levels in patients
with qi and yin deficiency (29, 31, 34, 35, 37, 39, 71), but not in
those with yin deficiency and excessive heat (43, 64) (Table 2).

Meta-analysis result of 21 studies showed that CHM plus
hypoglycemic agents was superior to hypoglycemic agents alone
at improving HDL levels [MD 0.15 (0.08, 0.22); I2 = 93.9%];
however, heterogeneity was high. Results from studies with a low
risk of bias for sequence generation produced a similar result (31,
34, 37, 43, 44, 64, 73) (Table 2). Subgroup analysis by drug class
showed that CHM in combination with biguanides (34, 39, 43,
54, 63, 64, 70, 73), or insulin (31, 35, 44) can improve HDL levels
better than using the agents alone (Table 2). Studies with patient
age group of 41–64 years showed significant between group
results (27, 29–31, 34, 35, 43, 44, 56, 58, 63, 64, 66, 70–73) but not
in two studies with older age groups (37, 47). Subgroup analysis
using FBG level at baseline showed significant differences
between groups with high heterogeneity (Table 2). In T2DM
patients with qi and yin deficiency (29, 31, 34, 35, 37, 39, 71),
integrative medicine was better at improving HDL levels than
hypoglycemic agents alone (Table 2). Studies with disease
duration was 5–10 years (five RCTs, n = 542) (29, 54, 66, 70,
71) showed a significant difference between the two groups but
not in studies with a disease duration of less than 5 years (27, 43,
56, 63, 64, 72) or more than 10 years (31, 37, 44, 45, 73) (Table
2). Additional subgroup analyses by BMI level at baseline showed
no difference between groups (Table 2).
FIGURE 3 | Risk of bias summy of included studies.
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TABLE 2 | Summary of meta-analysis results and sub-group analysis.

Treatment Vs. Comparison Outcomes(unit) Group Subgroup No. of Studies MD[95% CI] I2

CHM plus Hypoglycaemic
agents versus Hypoglycaemic
agents

FBG
(mmol/L)

All studies All studies 48(4,375) −0.93[−1.10, −0.76]* 84.2%
Risk of bias SG Low risk of bias SG 11(1,050) −0.68[−0.89, −0.47]* 67.9%
comparator Drug class Biguanides 18(1,722) −0.91 [−1.11, −0.70]* 63.8%

Sulfonylureas 7(770) −0.92 [−1.58, −0.26]* 91.9%
Insulin 4(477) −0.96[−1.57, −0.35]* 85.0%
Biguanides + Sulfonylureas 5(416) −1.18[−1.46, −0.89]* 0.0%
Biguanides+ a-Glucosidase 5(293) −0.97[−1.69, −0.24]* 96.4%

Age of patients 41–64 years 36(3,219) −0.79[−1.02, −0.57]* 86.7%
>65 years 4(504) −1.28[−1.51, −1.06]* 0.0%

FBG level at baseline 8–10 mmol/L 27(2,413) −0.77[−0.95, −0.59]* 74.9%
≥10 mmol/L 21(1,962) −1.15[−1.48, −0.82]* 89.2%

CM syndrome differentiation qi and yin deficiency 23(1,886) −0.97[−1.23, −0.72]* 81.6%
yin deficiency and excessive heat 6(430) −0.82[−1.05, −0.59]* 23.0%
Spleen deficiency 3(158) −0.57[−1.10, −0.04]* 87.6%

treatment duration ≤3 months 46(4,139) −0.91[−1.08, −0.73]* 83.9%
≥6 months 1(138) −1.00[−1.34, −0.66]* NA

Disease duration < 14(1,093) −0.80[−1.09, −0.51]* 77.2%
≥5–10 years 10(924) −1.07[−1.55, −0.59]* 90.7%
≥10 years 10(1,001) −0.88[−1.14, −0.62]* 72.5%

BMI level at baseline ≥24–28 kg/m2 3(193) −0.53[−0.87, −0.19]* 0.0%
2hPG
(mmol/L)

All studies All studies 43(4,004) −1.46[−1.73, −1.20]* 86.2%
Risk of bias SG Low risk of bias SG 9(895) −1.64[−2.27, −1.02]* 91.8%
comparator Drug class Biguanides 16(1,572) −1.36[−1.62, −1.11]* 44.3%

Sulfonylureas 7(770) −1.60[−2.48, −0.72]* 89.6%
Insulin 3(379) −1.71[−3.37, −0.05]* 91.2%
Biguanides + Sulfonylureas 5(416) −1.12[−2.22, −0.02]* 86.4%
Biguanides + a-Glucosidase 5(298) −1.58[−2.41, −0.74]* 94.7%

Age of patients 41–64 years 33(2,968) −1.45[−1.78, −1.12]* 86.7%
>65 years 2(384) −1.65[−2.92, −0.39]* 94.1%

FBG level at baseline 8–10 mmol/L 24(2 200) −1.38[−1.74, −1.03]* 85.6%
≥10 mmol/L 19(1,804) −1.56[−1.98, −1.15]* 87.3%

CM syndrome differentiation qi and yin deficiency 20(1,633) −1.25[−1.67, −0.84]* 85.4%
yin deficiency and excessive heat 6(430) −1.51[−2.16, −0.87]* 71.4%
Spleen deficiency 3(158) −0.96[−1.29, −0.63]* 44.3%

treatment duration ≤3 months 42(3,866) −1.46[−1.73, −1.18]* 86.3%
≥6 months 1(138) −1.73[−2.07, −1.39]* NA

Disease duration <5 years 14(1,093) −1.57[−2.00, −1.15]* 75.9%
≥5–10 years 9(866) −1.35[−2.11, −0.59]* 92.7%
≥10 years 7(783) −1.38[−2.16, −0.61]* 92.4%

BMI level at baseline ≥24–28 kg/m2 2(98) −1.35[−2.25, −0.46]* 46.6%
HbA1c

(%)
All studies All studies 35(3,009) −0.84[−1.05, −0.64]* 88.2%
Risk of bias SG Low risk of bias SG 9(920) −0.74[−1.16, −0.32]* 93.9%
comparator Drug class Biguanides 17(1,665) −0.85[−1.04, −0.66]* 75.1%

Sulfonylureas 2(120) −.65[−1.07, −0.24]* 0.0%
Insulin 3(357) −1.43[−2.69, −0.18]* 94.8%
Biguanides + Sulfonylureas 3(196) −0.35[−0.68, −0.02]* 0.0%
Biguanides + a-Glucosidase 4(248) −0.85[−1.68, −0.02]* 96.7%

Age of patients 41–64 years 27(2,209) −0.77[−0.99, −0.55]* 85.1%
>65 years 3(368) −0.95[−1.76, −0.14]* 77.2%

FBG level at baseline 8–10 mmol/L 22(1,935) −0.73[−0.97, −0.50]* 87.5%
≥10 mmol/L 13(1,074) −1.04[−1.41, −0.67]* 86.9%

CM syndrome differentiation qi and yin deficiency 17(1,208) −0.67[−0.91, −0.44]* 72.8%
yin deficiency and excessive heat 4(300) −0.82[−1.21, −0.43]* 69.3%
Spleen deficiency 3(158) −1.07[−2.21, 0.07] 97.3%

treatment duration ≤3 months 33(2,773) −0.82[−1.04, −0.61]* 88.5%
≥6 months 1(138) −0.60[−0.99, −0.21]* NA

Disease duration <5 years 11(717) −0.72[−0.97, −0.47]* 64.6%
≥5–10 years 6(532) −0.91[−1.34, −0.48]* 79.8%
≥10 years 9(893) −0.90[−1.39, −0.42]* 94.0%

BMI level at baseline ≥24–28 kg/m2 3(193) −0.30[−0.62, 0.02] 39.9%
TG
(mmol/L)

All studies All studies 24(2,582) −0.40[−0.51, −0.29]* 79.2%
Risk of bias SG Low risk of bias SG 7(792) −0.36[−0.50, −0.22]* 50.5%
comparator Drug class Biguanides 10(1,205) −0.39[−0.53, −0.24]* 65.5%
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TABLE 2 | Continued

Treatment Vs. Comparison Outcomes(unit) Group Subgroup No. of Studies MD[95% CI] I2

Sulfonylureas 2(382) −0.06[−0.12, 0.00] 0.0%
Insulin 3(379) −0.46[−0.74, −0.18]* 56.5%
Biguanides + Sulfonylureas 3(266) −0.37[−0.58, −0.17]* 40.0%
Biguanides + a-Glucosidase 2(110) −0.37[−0.52, −0.21]* 0.0%

Age of patients 41–64 years 20(2,230) −0.37[−0.48, −0.26]* 73.3%
>65 years 2(120) −0.59[−0.81, −0.37]* 0.0%

FBG level at baseline 8–10 mmol/L 13(1,342) −0.36[−0.45, −0.27]* 32.1%
≥10 mmol/L 10(972) −0.43[−0.64, −0.22]* 88.1%

CM syndrome differentiation qi and yin deficiency 8(773) −0.34[−0.52, −0.15]* 76.1%
yin deficiency and excessive heat 2(198) −0.19[−0.33, −0.05]* 0.0%
Spleen deficiency 1(38) −0.85[−1.73, 0.03] NA

Disease duration <5 years 7(800) −0.31[−0.45, −0.18]* 48.3%
≥5–10years 6(612) −0.49[−0.81, −0.17]* 92.7%
≥10 years 6(695) −0.49[−0.62, −0.37]* 6.8%

BMI level at baseline ≥24–28 kg/m2 3(193) −0.57[−0.87, −0.28]* 44.1%
TC
(mmol/L)

All studies All studies 24(2,582) −0.40[−0.58, −0.22]* 95.2%
Risk of bias SG Low risk of bias SG 7(792) −0.34[−0.86, 0.19] 98.3%
comparator Drug class Biguanides 10(1,205) −0.36[−0.70, −0.02]* 97.6%

Sulfonylureas 2(382) −0.28[−0.82, 0.25] 89.1%
Insulin 3(379) −0.13[−0.60, 0.34] 77.1%
Biguanides + Sulfonylureas 3(266) −0.69[−1.59, 0.21] 73.9%
Biguanides + a-Glucosidase 2(110) −0.44[−0.74, −0.15]* 0.0%

Age of patients 41–64 years 20(2,230) −0.39[−0.59, −0.18]* 96.0%
>65 years 2(120) −0.46[−0.99, 0.08] 57.8%

FBG level at baseline 8–10 mmol/L 13(1,342) −0.39[−0.70, −0.08]* 97.0%
≥10 mmol/L 10(972) −0.50[−0.66, −0.34] * 66.5%

CM syndrome differentiation qi and yin deficiency 8(773) −0.40 [−0.67, −0.12] * 95.9%
yin deficiency and excessive heat 2(198) −0.77[−1.92, 0.38] 98.7%
Spleen deficiency 1(38) 0.12[−0.38, 0.62] NA

Disease duration <5 years 7(800) −0.39[−0.94, 0.16] 96.0%
≥5–10 years 6(612) −0.63[−0.77, −0.50]* 76.8%
≥10 years 6(695) −0.16[−0.43, 0.11] 71.3%

BMI level at baseline ≥24–28 kg/m2 3(193) −0.02[−0.15, 0.10] 10.6%
LDL
(mmol/L)

All All studies 21(2,338) −0.45[−0.65, −0.27]* 97.4%
Risk of bias SG Low risk of bias SG 7(792) −0.68[−1.10, −0.26]* 97.9%
comparator Drug class Biguanides 8(1,031) −0.51[−0.88, −0.14]* 98.5%

Sulfonylureas 2(382) −0.06[−0.16,0.04] 0.0%
Insulin 3(379) −0.57[−1.18, 0.05] 97.6%
Biguanides + Sulfonylureas 3(266) −0.45[−0.60, −0.30]* 0.0%
Biguanides + a-Glucosidase 2(110) −0.39[−0.66, −0.12]* 78.1%

Age of patients 41–64 years 17(1,986) −0.45[−0.69, −0.21]* 97.7%
>65 years 2(120) −0.73[−1.82, 0.35] 78.9%

FBG level at baseline 8–10 mmol/L 12(1,206) −0.53[−0.83, −0.22]* 97.7%
≥10 mmol/L 8(864) −0.23[−0.33, −0.13]* 68.4%

CM syndrome differentiation qi and yin deficiency 7(637) −0.29[−0.44, −0.15]* 75.1%
yin deficiency and excessive heat 2(198) −0.79[−2.03, 0.46] 99.4%

Disease duration <5 years 6(762) −0.59[−1.08, −0.09]* 98.8%
≥5–10 years 5(542) −0.31[−0.46, −0.16]* 80.7%
≥10 years 5(559) −0.64[−1.11, −0.17]* 95.5%

BMI level at baseline ≥24–28 kg/m2 2(155) −0.27[−0.35, −0.20]* 0.0%
HDL
(mmol/L)

All All studies 21(2,338) 0.15[0.08, 0.22]* 93.9%
Risk of bias SG Low risk of bias SG 7(792) 0.18[0.07, 0.29]* 93.3%
comparator Drug class Biguanides 8(1,031) 0.24[0.14, 0.33]* 89.6%

Sulfonylureas 2(382) 0.18[−0.21, 0.58] 96.8%
Insulin 3(379) 0.20[0.05, 0.34]* 93.6%
Biguanides + Sulfonylureas 3(266) 0.02[−0.17, 0.21] 81.0%
Biguanides + a-Glucosidase 2(110) −0.04[−0.12, 0.04] 21.1%

Age of patients 41–64 years 17(1 986) 0.16[0.08, 0.25]* 94.6%
>65 years 2(120) 0.01[-0.05,0.07] 0.0%

FBG level at baseline 8–10 mmol/L 12(1,206) 0.13[0.04, 0.22]* 93.5%
≥10 mmol/L 8(864) 0.12[0.02, 0.22]* 89.8%

CM syndrome differentiation qi and yin deficiency 7(637) 0.17[0.09, 0.25]* 75.5%
yin deficiency and excessive heat 2(198) 0.16[−0.04, 0.35] 82.7%
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TABLE 2 | Continued

Treatment Vs. Comparison Outcomes(unit) Group Subgroup No. of Studies MD[95% CI] I2

Disease duration <5 years 6(762) 0.13[−0.04, 0.31] 94.3%
≥5–10 years 5(542) 0.17[0.07, 0.27]* 84.9%
≥10 years 5(559) 0.16[−0.00, 0.33] 95.7%

BMI level at baseline ≥24–28 kg/m2 2(155) 0.03[−0.18, 0.23] 90.8%
FINS
(mU/Lor mIU/ml)

All studies All studies 12(1,049) −1.03 [−2.35, 0.29] 86.9%
Risk of bias SG Low risk of bias SG 5(413) −1.60[−4.42, 1.21] 92.3%
comparator Drug class Biguanides 3(293) −2.89[−6.96, 1.18] 95.7%

Sulfonylureas 3(228) −2.03[−3.21, −0.84]* 0.0%
Biguanides + Sulfonylureas 1(150) 0.60[−1.16, 2.36] NA
Biguanides + a-Glucosidase 1(60) −2.10[−2.79, −1.41] NA

Age of patients 41–64 years 10(929) −1.46[−2.85, −0.07]* 88.2%
>65 years 1(60) 1.32[-2.11,4.75] NA

FBG level at baseline 8–10 mmol/L 8(641) -1.95[-3.45,-0.45]* 87.4%
≥10 mmol/L 3(348) 1.62[0.09,3.15] 32.2%

CM syndrome differentiation qi and yin deficiency 3(215) 0.17[−2.08, 2.42] 47.4%
yin deficiency and excessive heat 3(258) −3.43[−7.37, 0.49] 95.3%

treatment duration ≤3 months 11(911) −1.41[−2.68, −0.15]* 84.5%
≥6 months 1(138) 2.85[0.96, 4.73] NA

Disease duration <5 years 5(378) −2.96[−4.93, −0.99] 90.7%
≥10 years 2(168) −0.80[−4.34, 2.74] 70.1%

BMI level at baseline ≥24–28 kg/m2 2(155) −1.19[−3.21, 0.82] 81.8%
IR All studies All studies 7(581) −1.11[−1.44, −0.77]* 55.0%

Risk of bias SG Low risk of bias SG 4(353) −1.14[−1.67, −0.60]* 72.6%
comparator Drug class Biguanides 3(293) −0.80[−1.04, −0.56]* 0.0%

Sulfonylureas 2(168) −1.30[−1.85, −0.75]* 0.0%
Biguanides + a-Glucosidase 1(60) −0.98[−1.52, −0.44]* NA

FBG level at baseline 8–10 mmol/L 6(521) −0.91[−1.12, −0.69]* 5.5%
CM syndrome differentiation qi and yin deficiency 1(95) −0.90[−1.28, −0.52] NA

yin deficiency and excessive heat 3(258) −0.79[−1.10, −0.48]* 3.5%
Disease duration <5 years 4(318) −0.82[−1.08, −0.57]* 0.0%

≥10 years 1(108) −1.49[−2.23,-0.75]* NA
BMI level at baseline ≥24–28 kg/m2 2(155) −0.93[−1.24, −0.62]* 0.0%

IS All studies All studies 5(434) 0.09[-0.26,0.43] 95.0%
comparator Drug class Biguanides 2(210) −0.14[−0.97, 0.69] 98.7%

Sulfonylureas 2(168) 0.17[0.05, 0.28]* 0.0%
Biguanides + Sulfonylureas 1(56) 0.56[0.05, 1.07]* NA

Age of patients 41–64 years 4(262) 0.23[0.12, 0.34]* 34.6%
FBG level at baseline 8–10 mmol/L 3(224) 0.19[0.03, 0.36]* 35.4%

≥10 mmol/L 2(210) −0.14[−0.98, 0.69] 98.7%
CM syndrome differentiation yin deficiency and excessive heat 1(60) 0.21[0.06,0.36]* NA

Spleen deficiency 1(38) 0.28[0.18, 0.38]* NA
Disease duration <5 years 3(154) 0.27[0.19, 0.35]* 0.0%

≥5–10 years 1(172) −0.57[−0.74, −0.40] NA
≥10 years 1(108) 0.09[−0.11, 0.29] NA

BMI level at baseline ≥24–28 kg/m2 1(38) 0.28[0.18,0.38]* NA
BMI
(kg/m2)

All studies All studies 4(233) −0.45[−0.99, 0.08] 9.4%
Risk of bias SG Low risk of bias SG 2(135) −0.38[−2.83, 2.07] 68.4%

CHM vs. lifestyle intervention FBG
(mmol/L)

All studies All studies 1(72) −0.62 [−1.28, 0.04] NA

2hPG
(mmol/L)

All studies All studies 1(72) −2.14[−2.81, −1.47]* NA

CHM as food vs. Lifestyle
intervention

FBG
(mmol/L)

All studies All studies 1(90) −1.08[−1.86, −0.30]* NA

2hPG
(mmol/L)

All studies All studies 1(90) −1.23[−1.96, −0.50]* NA

TG
(mmol/L)

All studies All studies 1(90) −0.30[−0.69, 0.09] NA

TC
(mmol/L)

All studies All studies 1(90) −0.66[−1.10, −0.23]* NA
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*Statistically significant difference between groups.
CI, confidence interval; CM, Chinese medicine; FBG, fasting blood glucose; 2hPG, 2-hour postprandial blood glucose; HbA1c, hemoglobin A1c; TG, triglyceride; TC, total cholesterol;
LDL, low density lipoprotein; HDL, high-density lipoprotein; FINS, fasting insulin; IR, insulin resistance; IS, insulin resistance index; BMI, body mass index; MD, mean difference; SG,
sequence generation.
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b-Cell Function Indicators. Fasting Insulin. Twelve RCTs
including 1,049 participants assessed the effects of CHM plus
hypoglycemic agents versus hypoglycemic agents alone (33, 34,
43, 45, 51, 55, 58, 64, 65, 69, 72, 76). Different classes of hypo-
glycemic agents were included and treatment duration ranged
from 4 to 24 weeks.

At the end of treatment, CHMplus hypoglycemic agents was not
superior to hypoglycemic agents alone at reducing FINS levels [MD
−1.03 (−2.34, 0.29), I2 = 86.9%]. Meta-analysis of results from
studies with a low risk of bias for sequence generation showed
similar results from the overall result (34, 43, 64, 65, 69). Subgroup
analysis by hypoglycemic agent class showed varied results for
different class of drugs; there were benefits seen in the addition of
CHM to sulfonylureas but not in other hypoglycaemic agents
(Table 2). Studies with patient age group of 41–64 years showed
significant difference between group results (33, 34, 43, 51, 55, 58,
64, 65, 72, 76) but not in older subgroup (45). Subgroup analysis
based on FBG level at baseline, the lower reading of 8–10 mmol/L
subgroup (33, 34, 43, 55, 64, 69, 72, 76) showedmore benefit but not
in higher subgroup (45, 51, 58). Studies with a shorter treatment
duration of less than 3 months showed benefit in adding CHM to
hypoglycaemic agents (33, 34, 43, 45, 55, 58, 64, 65, 69, 72, 76), but
not in studies with a longer treatment (51). Additional subgroup
analyses by CM syndrome differentiation, disease duration and BMI
level at baseline showed no difference between groups (Table 2).

Homeostatic model assessment of insulin resistance. Seven
RCTs including 581 participants assessed the effects of CHM
plus hypoglycemic agents versus hypoglycemic agents alone (33,
34, 43, 64, 65, 72, 76). Hypoglycemic agents included biguanides,
sulfonylureas, a-glucosidase inhibitors, and insulins. Treatment
duration ranged from 4 to 12 weeks.

CHM plus hypoglycemic agents was superior to
hypoglycaemic agents alone [MD −1.11 (−1.44, −0.77); I2 =
55.0%]. Meta-analysis of results from studies with a low risk of
bias for sequence generation showed similar results (34, 43, 64,
65); however, heterogeneity was high. Subgroup analyses based
on drug class, baseline levels of FBG, disease duration and
baseline levels of BMI all showed significant differences
between groups (Table 2). Subgroup analysis by CM
differentiation showed benefit of adding CHM to hypoglycemic
group than hypoglycemic agents alone in patients with yin
deficiency and excessive heat (33, 43, 64) (Table 2).

Insulin resistance index. Five RCTs including 434 participants
assessed the effects of CHM plus hypoglycemic agents versus
hypoglycemic agents alone (27, 28, 33, 54, 76). Various
hypoglycemic agents were used including metformin, gliclazide,
and glimepiride. All studies had a treatment duration of less than
or equal to 12 weeks; the shortest treatment duration was 4 weeks.

Meta-analysis showed that CHM plus hypoglycemic agents
was not superior to hypoglycemic agents alone [MD 0.09 (−0.26,
0.43), I2 = 95.0%]. Subgroup analysis by drug class showed benefit
in adding CHM to sulfonylureas (33, 76) and the combination of
biguanides with sulfonylureas (27). No significant difference was
observed when CHM was added to biguanides (28, 54). Subgroup
analysis using age of patients of 41–64 years showed benefit (27,
28, 33, 76). Subgroup analysis based on lower FBG level at baseline
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(8–10 mmol/L) (27, 33, 76) showed more benefit but not in the
higher subgroup (28, 54). In studies that provided information on
CM differentiation, meta-analyses showed a benefit in adding
CHM to hypoglycemic agents in patients with yin deficiency
and excessive heat (33) or spleen deficiency (28). Studies with
disease duration of less than 5 years (three RCTs, n = 154) (27, 28,
33) showed a significant difference between the two groups but not
those studies with more than 5 years of disease duration (54, 76).
Additional subgroup analyses by BMI level at baseline showed
difference between groups (28) (Table 2).

Body Mass Index. Four RCTs including 233 participants
assessed the effects of CHM plus hypoglycemic agents versus
hypoglycemic agents alone (28, 34, 62, 72). Hypoglycemic agents
included biguanides, a-Glucosidase inhibitors and insulins.
Specific agents include metformin, acarbose, and insulin.
Treatment duration ranged from 8 to 12 weeks.

Meta-analysis results showed that CHM plus hypoglycemic
agents was not superior to hypoglycemic agents alone at
improving BMI [MD −0.45 (−0.99, 0.08); I2 = 9.4%). Meta-
analysis of studies assessed as low risk for sequence generation
produced a similar result [two studies, 135 participants, MD
−0.38 (−2.83, 2.07); I2 = 68.4%] (34, 62), and no difference was
found between groups.

CHM Plus Lifestyle Intervention Versus Lifestyle
Intervention Alone
One RCT with 72 participants compared CHM (including
Shanyao) plus lifestyle intervention with lifestyle intervention
for 4 weeks (26). The result showed CHM together with lifestyle
intervention was superior to lifestyle intervention alone in
reducing 2hPG and TC levels at the end of treatment [MD
−2.14 (−2.81, −1.47), −0.66 (−1.10, −0.23)]; there was no
difference in the FBG and TG levels between the two groups
[MD −0.62 (−1.28, 0.04), −0.30 (−0.69, 0.09)].

CHM Diet Therapy Plus Lifestyle Intervention Versus
Lifestyle Intervention Alone
One RCT (n = 90) compared CHM as diet therapy (including
Shanyao) with lifestyle intervention with a treatment duration of 12
weeks (25). The result showed that combination of Chinese diet
therapy using Shanyao and lifestyle intervention was superior to
lifestyle intervention alone at reducing FBG and 2hPG levels at the
end of treatment [MD −1.08 (−1.86, −0.30), −1.23 (−1.96, −0.50)].

Adverse Events
Out of the 53 studies, 21 studies reported on AEs. Of these, 10
studies provided specific details about the AEs.

CHM Plus Hypoglycaemic Agents vs. Hypoglycaemic Agents.
In twenty RCTs of CHM plus hypoglycemic drugs versus
hypoglycemic drugs, ten studies reported no AEs (28, 30, 32,
41, 51, 52, 55, 72, 76, 77), ten studies provided specific details
about AEs (29, 37, 43–46, 53, 56, 58, 64). In the integrative
medicine group, the most common AEs were hypoglycemia
(four cases), nausea (three cases), hypertension (two cases),
insomnia (one case), epigastric discomfort (two cases),
diarrhea (two cases), frequency of urine (three cases), drug-
related adverse reactions (one case unknown). There were three
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cases of diarrhea reported; however, it was not clear whether the
AEs were from the treatment group or the control group (43).

Twenty-four AEs were reported in the hypoglycemic drug
group. In the hypoglycemic agents group, hypoglycemia (seven
cases) was the most common AE. Other AEs included nausea
(three cases), headache (two cases), stomach distention (three
cases), dyspepsia (two cases), fatigue (two cases), rash (one case),
and four other AEs were not described in detail.

One study that compared CHM plus lifestyle intervention to
lifestyle intervention reported no AEs (26).
Frontiers in Endocrinology | www.frontiersin.org 1348
Assessment Using GRADE
An assessment of the quality of the evidence from RCTs was
undertaken using GRADE. Interventions, comparators, and
outcomes included were selected based on a consensus process.
Comparisons were: CHM plus hypoglycemic agents versus
hypoglycemic agents, CHM plus lifestyle intervention versus
lifestyle intervention and CHM diet therapy plus lifestyle
intervention versus lifestyle intervention.

Evidence of Shanyao formulae for T2DM was low to
moderate quality (Table 3). The results showed that oral
TABLE 3 | GRADE: Quality of the evidence of Shanyao formulae for T2DM.

Outcomes № of participants
(studies)Follow-up

Certainty of the
evidence(GRADE)

Anticipated absolute effects

CHM plus Hypoglycemic agents vs. Hypoglycemic agents Risk with [Hypoglycemic drugs] Risk difference with [CHM
plus hypoglycemic drugs]

Fasting blood glucose (FBG)
Treatment duration: mean 8.85
weeks

4,375
(48 RCTs)

⨁⨁⨁◯
MODERATEa

The mean fasting blood glucose was 7.43
mmol/L

MD 0.93 mmol/L lower
(1.1 lower to 0.76 lower)

2-hour Postprandial blood glucose
(2hPG)
Treatment duration: mean 8.79
weeks

4,004
(43 RCTs)

⨁⨁⨁◯
MODERATEa

The mean postprandial blood glucose was
10.44 mmol/L

MD 1.46 mmol/L lower
(1.73 lower to 1.2 lower)

Glycosylated Hemoglobin A1c
(HbA1c)
Treatment duration: mean 9.32
weeks

3,009
(35 RCTs)

⨁⨁◯◯
LOW a,b

The mean glycosylated Hemoglobin A1c was
7.44%

MD 0.84% lower
(1.05 lower to 0.64 lower)

Triglyceride (TG)
Treatment duration: mean 9.04
weeks

2,582
(24 RCTs)

⨁⨁◯◯
LOW a,b

The mean triglyceride was 2.41 mmol/L MD 0.4 mmol/L lower
(0.51 lower to 0.29 lower)

Cholesterol (TC)
Treatment duration: mean 9.04
weeks

2,582
(24 RCTs)

⨁⨁⨁◯
MODERATEa

The mean cholesterol was 5.15 mmol/L MD 0.4 mmol/L lower
(0.58 lower to 0.22 lower)

Fasting insulin (FINS)
Follow-up: range 1 to 30 weeks
Treatment duration: mean 10.67
weeks

1,049
(12 RCTs)

⨁⨁◯◯
LOW a,b

The mean fasting insulin was 15.11 mU/ml MD 1.03 mU/ml lower
(2.35 lower to 0.29 higher)

CHM plus lifestyle intervention vs. lifestyle intervention Risk with [lifestyle intervention] Risk difference with [CHM]
Fasting blood glucose (changed
from baseline)(FBG)
Treatment duration 4 weeks

72
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean fasting blood glucose (changed
from baseline) was −0.32 mmol/L

MD 0.62 mmol/L lower
(1.28 lower to 0.04 higher)

2-hour Postprandial blood glucose
(changed from baseline)(2hPG)
Treatment duration 4 weeks

72
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean postprandial Blood Glucose
(changed from baseline) was −0.77 mmol/L

MD 2.14 mmol/L lower
(2.81 lower to 1.47 lower)

CHM diet therapy plus lifestyle intervention vs. lifestyle intervention Risk with [lifestyle intervention] Risk difference with [CHM]
Fasting blood glucose (changed
from baseline)(FBG)
Treatment duration 12 weeks

90
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean fasting blood glucose (changed
from baseline) was −0.87 mmol/L

MD 1.08 mmol/L lower
(1.86 lower to 0.30 lower)

2-hour Postprandial blood glucose
(changed from baseline)(2hPG)
Treatment duration 12 weeks

90
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean postprandial Blood Glucose
(changed from baseline) was −1.34 mmol/L

MD 1.23 mmol/L lower
(1.96 lower to 0.50 lower)

Triglyceride(changed from baseline)
(TG)
Treatment duration 12 weeks

90
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean triglyceride(changed from baseline)
was −0.41 mmol/L

MD 0.3 mmol/L lower
(0.69 lower to 0.09 higher)

Cholesterol(changed from baseline)
(TC)
Treatment duration 12 weeks

90
(one RCT)

⨁⨁⨁◯
MODERATEc

The mean cholesterol(changed from baseline)
was −0.45 mmol/L

MD 0.66 mmol/L lower
(1.1 lower to 0.23 lower)
November 20
*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).
CHM, Chinese herbal medicine; CI, Confidence interval; GRADE, Grading of Recommendations Assessment, Development and Evaluation; MD, Mean difference; RCTs, randomized
controlled trials;
Explanations
aHigh statistical heterogeneity, p < 0.05; bFunnel plot not symmetrical; cSmall sample size.
Bold values is used to highlight.
20 | Volume 11 | Article 553288

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Sun et al. Additional Benefit of Shanyao for Diabetes Mellitus
formulae containing Shanyao may improve glycolipid
metabolism and fasting insulin level.

Experiment Research Evidence of
Shanyao for Diabetes
The major component groups of Shanyao are saponins, phenolic
compounds, sterols, and mucilage (8). Identified active
ingredients of Shanyao include polysaccharides, flavonoids,
allantoin, choline, dioscin, and so on (9–14). Shanyao has
shown immunomodulatory and anti-inflammatory effects (78,
79) . Hpyoglycemic effects of Shanyao as food and
pharmacological effects in relation to T2DM are reviewed below.

Nutritional Study on the Hypoglycemic Effect of
Shanyao
Shanyao has been studied to explore its effect on blood glucose as
a food. A study indicated that meal A (maize flour meal) was
composed of 81% carbohydrate, 3% protein, and 11% fat; meal B
(cassava flour meal) was composed of 76% carbohydrate, 3%
protein, and 15% fat; while meal C (yam flour meal) was
composed of 85% carbohydrate, 2% protein, and 8% fat.
Analysis of the results demonstrated a better glycemic response
with meals A and C compared with meal B; Shanyao as food may
bring more benefits to blood glucose (80).

Shanyao’s glycemic index has also been investigated.
Glycemic index was introduced to rank how slowly or quickly
carbohydrate containing foods are digested and increase
postprandial blood glucose (24). A study has shown that the
actual calorie input may be much lower in Shanyao than in
brown rice and white bread, showing that the glycemic value of
Shanyao is lower than brown rice (81), which is beneficial for
controlling postprandial blood glucose, in turn may benefit
diabetic patients.

An experimental research conducted in Brazil showed that
Shanyao flour alleviated the consequences of the experimental
diabetic disease. It showed that Shanyao flour could control the
rise in blood glucose levels in diabetic rats and significantly
greater radiodensity of femoral head when compared to DM
group, suggesting protection in oxidative agents and postpone
bone damage caused by diabetes (82).

Different Shanyao species are present depending on place of
production. Dioscorea alata is known to have the highest yields
among the Shanyao species with tubers. Dioscorea alata has
shown to have higher amylose and total dietary fiber contents,
resulting in slower absorption rates and can be particularly useful
in diets for diabetics (83).

Pharmacological Effects in Relation to Diabetes of
Shanyao and Its Compounds
The pharmacological effects and preventative effects for T2DM
of Shanyao or its compounds have been tested in various
animal models.

As we mentioned earlier on, a popular formula used for DM is
Liu wei di huang wan made up of six herbs including Shanyao. In
fructose-rich chow fed rats, after feeding of Liu wei di huang wan
at 26 mg/kg for 60 min, reduction in plasma glucose was observed
Frontiers in Endocrinology | www.frontiersin.org 1449
(84). When Shanyao was removed from the mixture, plasma
glucose was not modified while this action was not modified by
the removal of the other five herbs, indicating important
hypoglycemic roles of Shanyao (84). Further, Shanyao produced
similar hypoglycemic effects of the Liu wei di huang wan formula,
while other herbs in the formula failed to produce the same effects.
The authors also investigated the role of Shanyao in improving
insulin sensitivity and found that oral administration of Shanyao
at 4.2 mg/kg three times daily into streptozotocin-induced diabetic
rats increased the response to exogenous insulin (84).

In vehicle-controlled mice and in alloxan-induced diabetic
mice, Shanyao decoction concentrate at 300 mg and 600 mg/kg
for 10 consecutive days can significantly reduce blood glucose
level (85). Further, Shanyao has shown preventative effects on
induced blood glucose elevation due to different causes including
adrenaline, alloxan, and glucose feeding (85). As for
hypoglycemic effects, Shan yao can reduce total cholesterol and
triglyceride levels in diabetic rats, showing lipid lowering
effects (86).

Polysaccharides
In alloxan-induced diabetic rats and mice, high dose DOTP-80
water-soluble polysaccharide (400 mg/kg) had strong
hypoglycemic activity (87). Moreover, water-soluble
polysaccharide could increase the level of antioxidant enzyme
(superoxide dismutase) activity in alloxan-induced diabetic mice
and stimulated an increase in glucose disposal in diabetic
rats (87).

In high fat fed streptozotocin-induced type 2 diabetic rats,
Shanyao polysaccharide administration significantly reduced
fasting plasma glucose levels, increased serum insulin levels,
and decreased glucagon levels, showing hypoglycemic effects
(88, 89). The hypoglycemic effects of Shanyao polysaccharides
are comparable to metformin (88, 89).

In vitro testing of Shanyao polysaccharide (YP-1) from a
variety of Chinese yam revealed that YP-1 could stimulate
ConA-induced T lymphocyte proliferation, and its branches
are extremely important for the expression of the enhancement
of the immunological activity (90). Considering the important
role of the immune system in the progression of T2DM, YP-1
could play a part in enhancing immunological activities
in T2DM.

Shanyao polysaccharides have shown antioxidant activities.
Purified Shanyao polysaccharide could scavenge hydroxyl radical
and superoxide radical. Additionally, it displayed inhibitory
activity against E. coli, with a minimal inhibitory concentration
of 2.5 mg/ml (91).

Dexamethasone-induced insulin resistance glucose/lipid
metabolism diabetic mice model was established to evaluate the
hypoglycemic effect of different concentrations of HuaiShanyao
and different molecular weights of polysaccharide HSY-I, HSY-II,
and HSY-III. The results indicated that the Chinese yam
polysaccharide mixture had hypoglycemic effect (92).

Saponins and Flavones
The metabolic syndrome is a term for cluster of multiple
metabolic risk criteria which is positively correlated with type
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2 diabetes mellitus. Shanyao dioscorin interventions exhibit
improved metabolic syndrome activities in obese rats, and
peptic hydrolysates of Shanyao dioscorin in vitro exhibit DPP
IV inhibitory activities (93).

After intragastric administration of dioscoreae flavone in
diabetic mice, it was found that blood glucose of diabetic mice
was decreased, the amount of drinking water decreased,
and the weight of mice recovered (94). Further experiments
showed that dioscoreae flavone could inhibit a-glucosidase
activity, effectively reduce superoxide dismutase activity and
malondialdehyde content in diabetic mice, and have
antioxidant effect (94).

Experimental results show that the saponins and flavones of
Shanyao had a marked inhibition effect on a-amylase. The
kinetic analysis indicates that the inhibition type of saponins
and flavones on a-amylase was competitive, and the enzyme-
substrate apparent dissociation constant (Km′) of acarbose (the
control), saponins, and flavones is 118.86, 79.23, 49.51 mg/ml,
respectively (95).

Allantoin
Allantoin is known as the active principle richly contained in
Shanyao (Dioscorea spp.). It is identified as an abundant and
active component in Shanyao (Dioscorea spp.) (96). Allantoin
may improve glucose utilization in the skeletal muscle through
b-endorphin dependent- and independent-pathways that
decrease plasma glucose in STZ-diabetic rats (97).

Allantoin can increase b-endorphin release through
activation of I-2A receptors to lower blood glucose. Also,
allantoin can activate I-2B receptors in the skeletal muscle or
adipose tissues and brain and others to reduce blood glucose in
STZ-diabetic rats. Both actions of allantoin may assist the
increase of insulin sensitivity in diabetic rats (98).

Ligands
a-Glucosidase inhibitors are widely used in the treatment of
patients with T2DM, which delay the absorption of
carbohydrates from the small intestine and result in lowered
postprandial blood glucose and insulin levels (99). Two ligands
identified as 2,4-dimethoxy-6,7-dihydroxyphenanthrene and
batatasin I were extracted from Shanyao using a-glucosidase
functionalized magnetic nanoparticles as a solid phase extraction
absorbent. Their a-glucosidase inhibitory activities were
significantly higher than acarbose (100).
DISCUSSION

Summary of Evidence
In this study, we searched clinical studies and experimental
studies to present an overall picture of the evidence for
Shanyao and its formulae for additional benefits to
conventional therapies in the management of DM. We also
explored the possible mechanisms of actions for Shanyao.

This study presents a comprehensive and up-to-date evidence
for the treatment of T2DM with Shanyao formulae. A systematic
Frontiers in Endocrinology | www.frontiersin.org 1550
review of 53 randomized controlled trials was identified in
English- and Chinese-language databases, and meta-analysis
was conducted to evaluate the additive benefits and safety of
Shanyao formulae. Systematic evaluation of modern literatures
suggested that in terms of controlling blood glucose, blood lipid
and improving insulin resistance, traditional Chinese medicine
formulae containing Shanyao combined with conventional
therapies do show added benefits when compared to
hypoglycemic agents and lifestyle intervention alone.

Systematic review of clinical studies indicates that Shanyao-
containing herbal formulae can improve important outcome
measures for T2DM including FBG, 2hPG, HbA1c, TG, TC,
and IR in people with T2DM. Further, the adverse events in the
herbal formula group are lower than in the control group,
suggesting a good safety profile. Taken together, Chinese
herbal medicine therapy including Shanyao can be of beneficial
for patients with T2DM. The heterogeneity in our meta-analysis
was high. We performed a subgroup analysis based on pre-set
conditions, but the results of subgroup analysis did not fully
explain the source of heterogeneity. Considering different herb
usages in different clinical trials, this could be a possible source of
heterogeneity in the meta-analysis. Therefore, it is necessary to
interpret these results with caution.

The occurrence of DM in the current day and age is closely
related to lifestyle change. We found that Shanyao 山药, Fuling
茯苓, Maimendong麦门冬, Shanzhuyu 山茱萸, Haungqi 黄芪,
Shengdihuang 生地黄, Gegen 葛根, Danshen 丹参, Tianhuafen
天花粉, and Huanglian 黄连are used more in modern literatures.
The use of Chinese herbs that taste sweet and bitter, has the effect
of invigorating qi and nourishing yin, infiltrating dampness and
solidifying astringency, clearing heat, generating body fluid, and
detoxifying. In recent years, the prevalence of diabetes in obese
and overweight people has doubled in modern China (6). TCM
believes that phlegm-dampness is the basic cause of obesity. An
ancient practitioner Zhu Danxi clearly put forward in “Dan Xi
Zhi Fa Xin Yao丹溪治法心要” that “people who are obese have
excessive dampness and phlegm in the body”. Obesity combined
with diabetes is characterized by yin deficiency, internal heat, and
phlegm dampness. Therefore, modern diabetes treatment
focuses on nourishing yin and clearing heat, drying dampness
and resolving phlegm.

To sum up the experimental evidence, Shanyao as a food, is
rich in dietary fiber with low glycemic index, which is beneficial
to improving postprandial blood glucose of diabetic patients. In
diabetic animals, Shanyao can reduce blood sugar, regulate blood
lipid, resist oxidation and be beneficial to the bone. The main
active ingredients of Shanyao can regulate blood glucose by
improving insulin resistance, inhibiting a-glucosidase activity,
delaying the absorption of glucose in intestine, inhibiting DPP-
IV activity, increasing the concentration of endogenous GLP-1,
antioxidation and regulating immunity.

Limitations of the Current Review
The included clinical studies also present methodological
shortfalls. In randomized clinical trials, appropriate
randomization and allocation concealment methods can reduce
November 2020 | Volume 11 | Article 55328
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bias, but only 25.81% of the included studies described the
randomization methods, and only 2.58% of the studies
described allocation concealment. Inappropriate randomization
and allocation concealment may exaggerate the efficacy.
Inadequate blinding method can also lead to overestimation of
the effect. Chinese herbal medicine has many obstacles to the
implementation of blinding in clinical trials due to the herbal
preparation and odor; it is easy for participants to identify which
group they are in. Active exploration of the preparation of
placebo and the implementation of blinding method of
traditional Chinese medicine may be a way to solve this
problem. In addition, the included studies did not publish
study protocols, and the non-standardization of clinical
research reports is not helpful to the dissemination and
recognition of research results.

Modern literature systematic reviews included the study of
traditional Chinese medicine formulae containing Shanyao. The
included studies all used Shanyao as part of a traditional Chinese
medicine formula for T2DM. Therefore, the results of modern
literature analysis do not fully represent the role of Shanyao in
the treatment of T2DM in reducing blood sugar, lipid and
improving IR.

Implications in Research and Clinical
Practice
Future clinical studies should be recommended to design
and report data following the items required by the
Consolidated Standards of Reporting Trials (CONSORT)
(101) and its extensions for herbal medicine and traditional
CM (102, 103).

Rigorous methodology is recommended when designing
future clinical trials with correct methods of sequence
generation and allocation concealment. Protocols should be
published and be registered to minimize reporting bias and
increase transparency in the reporting the results.

The included studies reported outcome measures directly
related to blood glucose metabolism, lipid profiles, and b-cell
function. As we know, T2DM is a chronic and progressive
disease, and those who are affected may have drastic lifestyle
changes. Other clinically important outcomes such as quality of
life would provide another aspect of understanding the effect of
CM therapies for T2DM.

As we all know, T2DM is a progressive and lifelong disease.
The included clinical studies had treatments between 2 and 24
weeks with only few studies reporting on follow-up data. Future
Frontiers in Endocrinology | www.frontiersin.org 1651
studies may consider using longer treatment durations and
lengthy follow-up period to reflect clinical practice and provide
evidence for the long-term effects of CM treatments
using Shanyao.

Although we present in the study available experimental
evidence for Shanyao, the volume of studies is small compared
to other commonly used herbs such as ginseng. More
experimental study data will improve the understanding of
mechanisms of action of hypoglycemic effects of Shanyao.
Results may provide future directions for the development of
new and improved hypoglycemic agents.

Based on clinical studies, herbs that are commonly used with
Shanyao in the modern context include huangqi 黄芪,
shengdihuang 生地黄, gegen 葛根, tianhuafen 天花粉, danshen
丹参, fuling 茯苓, maimendong 麦门冬, shanzhuyu 山茱萸, and
huanglian 黄连.

Finally, this study provides comprehensive information about
Shanyao’s use for T2DM in clinical studies. At the same time, it
explores possible mechanisms through experimental studies,
providing evidence of hypoglycemic mechanism of Shanyao at
a cellular and animal model levels.
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The prevalence of various comorbidities continue to rise in aging persons living with HIV-1
infection (PLWH), and our study here aimed to assess the rates and correlates of incident
type 2 diabetes mellitus (T2DM) in PLWH from a retrospective, southeastern U.S. cohort.
Based on electronic health records, we examined patient demographics, body mass
index (BMI), HIV-1-related outcomes, hepatitis C virus co-infection, common
comorbidities (e.g. shingles and asthma), usage of protease inhibitors, and usage of
statins as potential correlates for T2DM occurrence. Among 3,975 PLWH with ≥12
months of follow-up between January 1999 and March 2018, the overall rate of incident
T2DM was 135 per 10,000 person-years, almost 2-fold higher than the rate reported for
the general U.S. population. In multivariable models (354 T2DM patients and 3,617 control
subjects), sex, BMI, nadir CD4+ T-cell count, HIV-1 viral load (VL) and duration of statin use
were independent correlates of incident T2DM (adjusted P <0.05 for all), with clear
consistency in several sensitivity analyses. The strongest associations (adjusted odds
ratio/OR >2.0 and P <0.0001) were noted for: i) statin use for ≥6 months (OR = 10.2), ii)
BMI ≥30 kg/m2 (OR = 3.4), and iii) plasma VL ≥200 copies/ml (OR = 2.2). Their collective
predictive value was substantial: the C-statistic for area under the receiver operating
characteristics curve was 0.87 (95% CI = 0.84-0.91), showing close similarity between
two major racial groups (C-statistic = 0.87 for African Americans and 0.91 for European
Americans). Overall, these findings not only establish a promising algorithm for predicting
incident T2DM in PLWH but also suggest that patients who are obese and use statins
should require special consideration for T2DM diagnosis and prevention.

Keywords: HIV-1 infection, obesity, statin, type 2 diabetes mellitus, race
INTRODUCTION

In persons living with human immunodeficiency virus type 1 (HIV-1) infection (PLWH),
adherence to combination antiretroviral therapy (cART) can effectively suppress viral replication
and drive plasma viral load (VL) to an undetectable level, followed by partial immune reconstitution
and a close-to-normal life expectancy (1). While mortality from AIDS-defining conditions has
dramatically declined in the cART era, the burden of chronic, non-AIDS comorbidities continues to
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rise in the aging PLWH population (2). For example, the
prevalence of diabetes is known to be much higher among
PLWH than the general population (3), but longitudinal data
on incident type 2 diabetes mellitus (T2DM) in PLWH
are lacking.

According to recent estimates from the American Diabetes
Association (ADA), about 1.5 million new diabetes cases are
diagnosed every year in the United States (U.S.) general
population (4), and there is abundant evidence that age,
obesity, race, and genetic factors contribute to T2DM (5–7).
These factors are also known to influence T2DM in PLWH, but
additional factors, including chronic inflammation and long-
term cART use, and exposure to various HIV-1 protease
inhibitors can alter the risk for and complicate the
management of T2DM and other metabolic disorders among
PLWH (8–11). Our analyses of retrospective data from a
southeastern U.S. clinical cohort were intended to gain new
insights into key factors associated with incident T2DM in the
contemporary PLWH population.
SUBJECTS AND METHODS

Study Cohort
PLWH attending an outpatient HIV clinic (The 1917 Clinic) at
University of Alabama at Birmingham (UAB) (12) were enrolled
and continuously followed between January 1999 and March 2018
for routine care and monitoring of coinfections and comorbidities.
For this sub-study, diagnosis of T2DM followed the new ADA
recommendations based on a combination of any two tests of
hemoglobin A1c (≥42 mmol/mol), fasting plasma glucose (≥126
mg/dl), and random plasma glucose test (≥200 mg/dl) (13–15). In
most cases, medication records (e.g., prescription of metformin)
matched T2DM diagnosis, and a total of 354 incident T2DM cases
and 3,621 control subjects were identified based on the following
exclusion criteria (Figure S1 in Supplemental Materials):
i) unknown or ambiguous self-reported races, ii) less than 18
years old at the time of enrollment, iii) receiving organ
transplantation (systemic immunosuppression other than HIV-1
infection), iv) less than 12-month active follow-up, v) diagnoses of
T2DM before enrollment (prevalent cases, n = 159), vi) confirmed
type 1 diabetes mellitus, vii) missing two critical, HIV-1-related
variables (CD4+ T-cell counts and VL). All subjects provided
written informed consent for participation in the study, and
research protocols pertinent to this sub-study were approved by
an Institutional Review Board at UAB.

Dataset Retrieved for Various Analyses
The following variables were retrieved from a central, electronic
database: i) enrollment date, ii) demographics (sex, birth date,
race/ethnicity), iii) risk factors for HIV-1 acquisition (sexual
orientation and injection drug use), iv) the duration of protease
inhibitor use; v) the category and duration of statin use; vi) nadir
CD4+ T-cell (CD4) count (cells/µl) in the last 2 years before the
incident T2DM diagnosis (for T2DM incident cases) or the last
clinical visit (for control subjects), and vii) HIV-1 viremia (VL,
Frontiers in Endocrinology | www.frontiersin.org 256
RNA copies/ml of plasma) in the last 2 years before the incident
T2DM diagnosis (for T2DM cases) or the last clinical visit (for
control subjects).

Descriptive Statistics
Data from the overall PLWH cohort and several stratified groups
(defined by sex, race, and enrollment periods) were first analyzed
for incident rates of T2DM per 10,000 person-years (PY) of
follow-up, along with their 95% confidence intervals (CI).
Subjects were then stratified by T2DM status (incident cases
vs. controls) for direct comparison of baseline characteristics
(Table 1), which included i) counts and percentages for each
categorical variable, ii) mean and standard deviation (SD) of
continuous variables, iii) median and interquartile range for CD4
and VL. Collinearity among all variables was assessed by
nonparametric (Spearman) pairwise correlation analyses. To
focus on robust findings, we adopted a newly proposed P-value
threshold (P <0.005) for statistical significance (16). This P-value
cut-off was intended to ensure a corresponding Bayes factor
between 14 and 26, which is in favor of rejecting null hypothesis
while reducing false positive rate (16).

Multivariable Models to Identify
Independent Correlates of Incident T2DM
A linear regression model was fitted to test multicollinearity
between independent correlates before fitting them to the final
multivariable model. A backward stepwise selection procedure
was adopted to identify factors independently associated with
T2DM (adjusted P-value less than 0.05), and a joint,
multivariable model was used to assess the relative impact of
each factor on T2DM, with adjusted odds ratios and 95% CIs as
the key summary statistics. The clinical utility of these factors in
predicting T2DM was assessed by the C-statistic and its 95% CI
for area under the receiver operating characteristics curve (ROC)
(13). These analytical procedures were performed using the
statistical analysis software (SAS), version 9.3 (SAS Institute,
Cary, North Carolina, USA).

Secondary Analysis and Sensitivity
Analysis
To fully assess the timing of T2DM in our study cohort, several
potential correlates (e.g., sex and race) of T2DM were also
evaluated in Kaplan-Meier (KM) curves and Cox-proportional
hazard models, using enrollment date as the starting point.
Moreover, several sensitivity analyses considered the
enrollment periods as proxies for the evolving cART regimens,
as well as varying guidelines for HIV-1 screening and cART
initiation. The new guidelines of statin therapy, as introduced in
2013, also required separate analyses of T2DM cases diagnosed
before 2013 and since 2013. Consistent findings from the final
(reduced) multivariable model were also validated separately in
EA and AA subgroups. Potential fluctuations in rates over the
18-year follow-up period was assessed by comparing rates
among four time intervals (4.5 years each) in two major racial
groups (AA and EA). The Joinpoint Trend Analysis software was
used to detect possible trends, as described elsewhere (17, 18).
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Data and Resource Availability
The retrospective datasets analyzed during this study are available
from the corresponding author upon reasonable request.
RESULTS

Overall T2DM Rates and Disparity
Between Men and Women
Among 3,975 subjects included in this study (Figure S1 in
Supplemental Materials), 354 incident T2DM cases were
diagnosed after a total of 26,256 PY of follow-up, with an
overall rate of 135 incidents per 10,000 PY (95% CI = 121-149
per 10,000 PY), which was almost identical to pooled data from a
recent meta-analysis (137 per 10,000 PY, 95% CI = 130-200) (19)
but two-fold higher than the general U.S. population (67 per
10,000 PY) (20). When several subgroups were compared, the
rates were similar for AA (144 cases per 10,000 PY) and EA (123
Frontiers in Endocrinology | www.frontiersin.org 357
cases per 10,000 PY) (P >0.50) but clearly differed between men
(122 cases per 10,000 PY) and women (179 cases per 10,000 PY)
(P <0.0001). Kaplan-Meier (KM) curves (Figure 1) indicated
that women progressed to T2DM faster (hazards ratio = 1.54;
95% CI = 1.20-1.97) than men during the study period (P
<0.001). Sex-specific disparity was also evident (P = 0.004)
when all follow-up time before cART initiation was
disregarded (HR = 1.47, 95% CI = 1.13-1.90 for women after
cART initiation) (Figure 1).
No Trend Over Time
When the 18-year study interval was divided into four equal
periods (i.e., 4.5 years each), the rates of T2DM diagnosis were
highly comparable for all pairwise comparisons (P >0.50), before
and after stratification by two major racial groups (AA and EA)
(Figure S2 in Supplemental Materials). The Joinpoint
regression did not reveal any linear trend for both AA and EA
(P > 0.20).
TABLE 1 | Overall characteristics of the study cohort stratified by type 2 diabetes mellitus (T2DM).

Characteristics No T2DM (n = 3,621) Incident T2DM (n = 354) P-valueb Q

Age at enrollment (mean ± SD) 38.8 ± 10.9 44.3 ± 9.4 <0.0001 <0.001
Age group at incident T2DM or last clinical visit <0.0001 <0.001
18–44 years 1738 (48.0) 111 (31.4) Ref.
45–64 years 1712 (47.3) 223 (63.0) <0.0001 <0.001
≥65 years 171 (4.7) 20 (5.6) 0.002 0.003

Sex <0.001 <0.001
Men 2821 (21.5) 245 (69.2) Ref.
Women 779 (77.9) 108 (30.5) 0.0001 <0.001
Transgenders 21 (0.6) 1 (0.3) >0.50 >0.50

Race/ethnicity 0.49 >0.50
African American (AA) 2124 (58.7) 202 (57.1) Ref.
European American (EA) 1419 (39.2) 147 (41.5) 0.45 0.50
Others 78 (2.2) 5 (1.4) 0.40 0.46

BMI group at incident DM or last clinical visit (Missing 364 subjects) <0.0001 <0.001
<25 (kg/m2) 1348 (40.6) 58 (19.9) Ref.
25–29 (kg/m2) 1091 (32.9) 79 (27.0) 0.003 0.005
≥30 (kg/m2) 880 (26.5) 155 (53.1) <0.0001 <0.001

Median nadir CD4 count over the last 24 months 0.021 0.027
<200 cells/µl 850 (23.5) 81 (22.9) 0.36 0.43
200-500 cells/µl 1231 (34.0) 145 (41.0) 0.006 0.008
>500 cells/µl 1540 (42.5) 128 (36.1) ref

Highest VL over the last 24 months <0.0001 <0.001
<200 2108 (58.2) 168 (47.5) Ref.
200-23,596 (Q3) 614 (17.0) 92 (26.0) <0.0001 <0.001
>23,596 899 (24.8) 94 (26.5) 0.044 0.055

Protease inhibitor (PI) use <0.001 <0.001
No PI in the last 2 years 2267 (62.6) 184 (52.0) Ref.
PI use for 0–2 years 435 (12.0) 54 (15.2) 0.010 0.014
PI use for ≥2 years 919 (25.4) 116 (32.8) 0.001 0.002

Statin use <0.001
Never 2753 (76.0) 111 (31.4) Ref.
Atorvastatin 379 (10.5) 104 (29.4) <0.0001 <0.001
Pravastatin 312 (8.6) 82 (23.2) <0.0001 <0.001
Pitavastatin 2 (0.1) 0 (0.00) 0.69 0.69
Others 175 (4.8) 57 (16.0) <0.0001 <0.001

Duration of statin use <0.0001 <0.001
No use 2753 (76.0) 111 (31.3) Ref.
Use for <6 months 115 (3.2) 30 (8.5) <0.0001 <0.001
Use ≥6 months 753 (20.8) 213 (60.2) <0.0001 <0.001
November 2020 | Vo
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Age at T2DM Onset
The median age of T2DM diagnosis was 49.4 years (IQR: 43.2-55.6)
(Figure S3 in SupplementalMaterials), about 5 years younger than
reports (median age = 54 years) for the general U.S. population (21).
Subjects between 45 and 65 years old were at the highest risk for
incident T2DM (Table 1), being consistent with the general U.S.
population. The median age of T2DM was similar for AA (48.7
years, IQR = 40.7-65.3) and EA (51.2 years, IQR = 45.0-65.8) (P =
0.31) (Figure S3 in Supplemental Materials).
Frontiers in Endocrinology | www.frontiersin.org 458
Screening for Factors Associated With
T2DM Occurrence
As an initial screening step, univariate analyses (Table 1)
revealed that T2DM cases and control subjects differed in age
at study enrollment, age groups at the end of follow-up, sex,
BMI, peak VL over the last 24 months of follow-up, cART
regimens containing PI, statin use, and length of statin use
(P <0.005 for at least one group in each variable). By contrast,
the two groups were quite similar (P >0.05) in terms of their
FIGURE 1 | Kaplan-Meier curves showing time from study enrollment or initiation of combination antiretroviral therapy (cART) to diagnosis of type 2 diabetes mellitus
(T2DM) in PLWH stratified by sex. Numbers of subjects remaining at various visit intervals (between January 1999 and March 2018) are indicated for each group
(excluding 22 transgender subjects). Estimates of hazards ratios (HR) use men as the reference group.
November 2020 | Volume 11 | Article 555401
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racial composition, while nadir CD4 count over the last 24
months differed slightly for one of these three subgroups (200–
500 cells/µl, P = 0.008) (Table 1).

Independent Correlates of T2DM
Occurrence
In a reduced multivariable model (Table 2) applicable to 3,975
subjects (including 354 incident T2DM cases), sex, obesity,
nadir CD count, HIV-1 viremia, and statin use were
independently associated with the onset of T2DM (adjusted P
<0.05 for all). Individual factors with the strongest effect
(adjusted OR, aOR >2.0, P <0.0001) were: i) statin use for ≥6
months (aOR = 10.21), ii) BMI ≥30 kg/m2 (aOR = 3.36), and iii)
plasma VL ≥200 copies/ml (aOR = 2.24). The effects of age,
sex, and PI-containing cART regimens were attenuated when
other factors were accounted for (i.e., through statistical
adjustments). In multicollinearity test, there was no evidence
to support multicollinearity between the key predictors in the
multivariable model.

When all factors independently associated with T2DM
were combined, their collective predictive value was
substantial: the C-statistic for ROC was 0.87 (95% CI = 0.84-
0.91) (Figure 2), with close similarity for two major racial
groups (C-statistic = 0.87 and 0.91 for AA and EA,
respectively). Removing statin use from the model decreased
the overall C-statistic to 0.78 (95% CI = 0.73-0.83) (Figure 2).
In a sensitivity analysis, the C-statistics were similar between
T2DM diagnosed before 2013 (when new guidelines of statin
therapy were introduced) (ROC = 0.86; 95% CI = 0.83-0.90)
and T2DM diagnosed since 2013 (ROC = 0.81; 95% CI = 0.78-
0.84) (Figure 2).
Frontiers in Endocrinology | www.frontiersin.org 559
Partial Collinearity Among Factors
Associated With T2DM Occurrence
In pairwise correlation analyses, Spearman |r| was <0.30 for all
(Table 3) except for i) age group and BMI group r = 0.80, P
<0.0001), ii) peak VL and nadir CD4 groups over the final 24
months of follow-up (r = -0.51, P <0.0001), and iii) statin use and
age (r=0.40,P<0.0001). These relationshipswere all well expected.

Discussion
Consistent with data from a recent meta-analysis, which
included 44 studies across the world (except for the Eastern
Mediterranean area) (19), our findings based on a southeastern
U.S. clinical cohort clearly indicate that the rates of incident
T2DM have doubled in PLWH as compared with the general
U.S. population. These observations appear to be generalizable,
as separate analyses of two major racial groups (AA and EA) and
four follow-up intervals (calendar dates) produced highly
comparable summary statistics for the rates and correlates of
T2DM. On the basis of a reduced multivariable model, the final
estimates for ROC statistics hovered around 90% for both AA
and EA subgroups, well exceeding the commonly used clinical
diagnostic cut-off of 80% (22). The final algorithms for
predicting incident T2DM in PLWH, which have not been
attempted before, now provide promising leads for further
refinements and clinical considerations.

Apart from the confirmation of several conventional risk
factors (age, obesity and the length of PI-containing cART)
associated with T2DM, our analyses here revealed a strong and
independent impact of statin use (Table 2), regardless of statin
categories (Table 1). In contrast, earlier studies only suggest a
moderate risk (OR <2.0) in adults without HIV-1 infection (23).
TABLE 2 | Independent correlates of incident T2DM, as defined by a reduced multivariable model.

Factors in the final modela n (%) Adjusted ORb 95% CIb P-value

Sex
Men 3,063 (77.1) Ref. –

Women 886 (22.3) 1.47 1.13-1.93 0.005
Transgenders 22 (0.55) 1.23 0.16-9.71 >0.50

BMI at incident DM or last visit (missing 364)
<25 (kg/m2) 1,406 (38.9) Ref. –

25–29 (kg/m2) 1,168 (32.4) 1.46 1.01-2.10 0.043
≥30 (kg/m2) 1,033 (28.7) 3.36 2.40-4.70 <0.0001

Nadir CD4+ T-cell counta in the last 24 months
<200 cells/µl 931 (23.4) 1.02 0.69-1.49 >0.50
200–500 cells/µl 1,374 (34.6) 1.40 1.06-1.42 0.020
>500 cells/µl 1,666 (42.0) Ref. –

Highest plasma viral loada in the last 24 months
<200 2,273 (57.2) Ref. –

200–23,596 (Q3) 705 (17.8) 2.24 1.64-3.05 <0.0001
>23,596 993 (25.0) 2.21 1.55-3.15 <0.0001

Duration of statin use
No use 2,864 (72.1) Ref –

Use for <6 months 145 (3.7) 8.92 5.87-13.58 <0.0001
Use ≥6 months 962 (24.3) 10.21 7.71-13.53 <0.0001
Novemb
er 2020 | Volume 11 | Article
aAt least one entry in each categorical variable has shown independent association with T2DM (adjusted P < 0.05).
bThe odds ratio (OR) and 95% confidence interval have been adjusted for all factors in the model, as well as age, race, study enrollment dates, exposure to HIV-1 protease inhibitors, and
statin groups (atorvastatin, lovastatin, and simvastatin as lipophilic; pravastatin, rosuvastatin, and fluvastatin as hydrophilic). For comparisons involve multiple categories within a specific
variable, the group with the largest sample size is set as the norm/reference.
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Statins are cost-effective and widely prescribed drugs for
lowering cholesterol level and preventing CVD in the U.S.,
especially since 2003 (24). The U.S. National Center for Health
Statistics reported that more than 26% of American adults aged
40 and above used statin in 2012 (24). In previous reports, the
benefits of statins outweigh all known disease risks, including
Frontiers in Endocrinology | www.frontiersin.org 660
T2DM or prediabetes (25, 26). A recent systematic review
suggested that the reduction of LDL-C level through
upregulation of LDL receptor expression by statin therapy
should not introduce any adverse effects. However, if the LDL-
C reduction is not related to LDL receptors, the possible drug-
induced adverse effects could counterbalance the clinical benefits
FIGURE 2 | Area under the receiver operating characteristics curves (ROCs) in several rounds of comparative analyses. First (top panel), for all factors identified as
independent predictor of incident T2DM in a reduced multivariable (MV) model (Table 2), the C-statistic for ROC (line in blue) is 0.87 (95% CI = 0.84-0.91); removing statin use
from the model (line in red) leads to an ROC of 0.78 (95% CI = 0.73-0.83). Second (bottom panel), with reference to the new guidelines of statin therapy (introduced in 2013),
T2DM diagnosed before 2013 (line in blue) and since 2013 (line in red) have ROC of 0.86 (95% CI = 0.83-0.90) and 0.86 (95% CI = 0.78-0.84), respectively.
TABLE 3 | Partial correlation among factors associated with T2DMa.

Sex Age BMI Statin use CD4 count HIV-1 VL

Sex 1.00 0.05 0.15 -0.02 0.03 <0.01
Age 0.001 1.00 0.80 0.40 0.07 -0.22
BMI <0.0001 0.001 1.00 0.16 0.21 -0.21
Statin use 0.294 <0.0001 <0.0001 1.00 0.13 -0.18
CD4 count 0.053 <0.0001 <0.0001 <0.0001 1.00 -0.51
HIV-1 VL 0.862 <0.0001 <0.0001 <0.0001 <0.0001 1.00
Novemb
er 2020 | Volume 11 | Artic
aDefined by positive or negative Spearman rho (r) and restricted to variables shown in Table 2. The r values (two decimals) for pairwise correlation are shown on and above the diagonal;
the corresponding P values (at least three decimals) are listed below the diagonal.
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of statin therapy (27), suggesting that drug-drug interactions or
effects through an alternative drug target are possible.

In 2013, an ACC/AHA Task Force introduced a
comprehensive discussion on the initiation of statin therapy. In
addition to LDL-C level and its corresponding age at test, history
of diabetes and its diagnosis age, along with life style and family
histories of ASCVD are now all taken into consideration before
the initiation of statin therapy (28). According to the new
guidelines for risk assessment, patients diagnosed with diabetes
and LDL-C between 70–189 mg/dl at ages between 40 and 75
years are all recommended for moderate to high-intensity statin
therapies (28). However, the 2013 ACC/AHA Blood Cholesterol
Guideline did not consider the risk of T2DM after the initiation
of statin therapy. Even with 2013 as a new milestone for
prescribing statins, our statistical models for T2DM diagnosed
before and since 2013 (Figure 2) did not reveal striking
differences. Both models retained satisfactory fitting (ROC
>0.8), even when the available follow-up period was still
relatively short (about 5 years) after 2013.

PLWH are known to face high risks for CVD as a result of
persistent immune activation, arterial inflammation, endothelial
dysfunction, elevated coagulation, and various side effects of
cART (29–31). Thus, statins have an increasing clinical
application for managing maladaptive inflammatory cascades,
and their usage is expected to gain further momentum in the
PLWH population. If both lipophilic (atorvastatin, lovastatin,
and simvastatin) and hydrophilic (pravastatin, rosuvastatin, and
fluvastatin) statins indeed pose a clear risk for T2DM in PLWH,
even during a short period of exposure (e.g., <6 months) (Table
2), follow-up studies may need to closely monitor the changes in
glycated hemoglobin levels (32) and develop a concurrent
strategy for minimizing the risk of T2DM. For example, high-
dose vitamin D supplementation has shown convincing benefits
for insulin sensitivity in pre-diabetic subjects (33, 34), PLWH
with vitamin D deficiency and insufficiency may require timely
vitamin D supplementation.

Another observation that seems to distinguish PLWH from
the general population is the modest disparity in T2DM
incidence between male and female PLWH (Figure 1). The
difference is readily detected in both cross-sectional and
longitudinal data, before and after statistical adjustments for
other prominent factors (Table 2). In the general U.S.
population, rates of incident T2DM are comparable for men
and women, but differences in rates of pre-diabetes are
discernible (20). The underlying biology is still elusive.

When HIV-1-specific variables are considered, CD4 T-cell
count and viremia also show modest impact on T2DM onset
(Table 2). As both can fluctuate over time with and without
cART, our focus was on the last 24 months of follow-up when
most PLWH were under effective treatment. The occasional
viremia (viral blips), defined by plasma VL ≥200 RNA copies/
ml, is well expected, and at least one other longitudinal study (a
French HIV-1 cohort) has reported that detectable VL is
associated with a modest risk for incident T2DM when
compared to non-detectable VL (35). In the new era that calls
for prompt HIV-1 diagnosis and linkage to care (the 90:90:90
Frontiers in Endocrinology | www.frontiersin.org 761
initiative) (36), at least 27% of PLWH will continue to be viremic
and thus at high risk for T2DM.

One major limitation of this study is the lack of family history
for study participants. T2DM tends to run in families, mostly
through shared genetic and environmental factors, as well as
similarity in lifestyle (37). Some of these gaps can be closed for
PLWH with active follow-up, and the addition of high-
throughput genotyping, especially the use of fine-mapping
platforms, should facilitate the analyses of “causal variants”
previously established in the general population (38). Genomic
and epigenomic datasets can also help define the underlying
biological pathways for T2DM (39) or enhance predictive
algorithms (40). These frontiers will remain as active research
areas to further benefit precision medicine.

Overall, adequate sample size and sufficient follow-up in our
study cohort have provided a valuable opportunity for
illustrating the complexity of T2DM risks pertinent to
contemporary PLWH population. Although replication of key
findings cannot be done for additional cohorts right away,
multiple sensitivity analyses and stratifications by sex, race, and
various study intervals have provided promising assurance that
the statistical models are robust enough to be clinically relevant.
In particular, appropriate interventions for statin users are
expected to bear the bulk of immediate impact on the T2DM
landscape in PLWH populations.
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Background: Diabetic sensory neuropathy has rarely been studied in the Asian
populations. This study investigated the prevalence and risk factors of sensory
symptoms (SS) in the Taiwanese diabetes patients.

Methods: A total of 1,400 diabetes patients received a health examination together with a
structured questionnaire interview for three categories of abnormal sensation of
numbness or tingling pain, electric shock, and skin thickness sensation on seven
anatomical sites on upper limbs and six sites on lower limbs. Prevalence of SS was
defined using nine different criteria, with the least stringent criterion of “any positive
symptom on at least 1 site” and the most stringent criterion of “any positive symptom on at
least bilateral and symmetrical 2 sites involving the lower limb.” Logistic regression was
used to estimate the odds ratios and their 95% confidence interval for SS by the different
definitions. Fasting plasma glucose and hemoglobin A1c were entered in separate models
to avoid hypercollinearity.

Results: The prevalence of SS was 14.4 and 54.0% when using the most stringent and
least stringent criterion, respectively. Women consistently had a significantly higher
prevalence than men did. Among the three categories of symptoms, numbness or
tingling pain was the most common, and fingers and toes were the most commonly
involved anatomical sites. For any symptoms, 37.1% of the patients had any symptoms
on the upper limbs and 41.7% had any symptoms on the lower limbs. Female sex,
diabetes duration, hemoglobin A1c, and hypertension were associated with SS in all
models.

Conclusions: Taiwanese diabetes patients may have a high prevalence of SS if a
structured questionnaire is used for screening. Female sex, diabetes duration,
hemoglobin A1c, and hypertension are associated with SS.
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INTRODUCTION

Diabetes mellitus is a chronic non-communicable disease
characterized by various vascular complications involving the
arterial system (macrovascular complications) and the capillaries
(microvascular complications). “Diabetes triopathy” has been used
to refer to the microvascular complications including retinopathy,
nephropathy, and neuropathy (1).Diabetic polyneuropathy (DPN)
may involve the sensory,motor, and/or autonomic nervous system.
Sensory neuropathy can be divided clinically into painful and non-
painful subtypes (2, 3). Painful diabetic peripheral neuropathy
(pDPN) may impair the patients’mood, daily function, sleep, and
quality of life; and its humanistic and economic burdens are
immense (4, 5).

The prevalence of pDPN varies from 6 to 34% in different
reports by using different diagnostic criteria in Europe (4). A
recent phone/internet survey conducted in the USA showed an
ethnic difference in the prevalence of pDPN: 49% in Hispanics,
65% in African-Americans, and 87% in Caucasians (P < 0.05) (6).

Epidemiological studies on DPN are rare in Asian populations.
InTaipei City of Taiwan, among 217 diabetes patients derived from
an epidemiological survey in 1978, 44 patients (20.3%) were
diagnosed as having DPN which was defined as a motor nerve
conduction velocity below the normal mean minus 2 standard
deviations (1).While comparing patients with and without DPN in
that study, only diabetes duration, fasting glucose level, insulin use,
and blood urea nitrogen (but not creatinine level) differed
significantly between the two groups (1). A nationwide hospital-
based study conducted inKorea suggested a prevalence of 14.4% for
pDPN in patients with type 2 diabetes mellitus (7). This Korean
study identifiedage, female sex, glycemic control, hypertension, and
previous cardiovascular events as risk factors of pDPN (7). In
Myanmar, a study conducted in 975 diabetes patients who
attended the outpatient clinics of four hospitals reported a
prevalence rate of 33.7% for DPN and 59.5% for pDPN (8). The
investigators found an association between DPN and older age,
longer diabetes duration, and smoking (8). In a cross-sectional
study that aimed at investigating the prevalence of diabetic
retinopathy in 1,008 diabetes patients enrolled from a hospital in
Shijiazhuang, Hebei, China, the investigators reported a prevalence
of 11% for DPN among the patients and found a close association
between DPN and diabetic retinopathy (9). Another recently
published cross-sectional study that enrolled patients from 17
primary care clinics across Japan showed a prevalence of 27.7%
for DPN among 9,914 patients surveyed (10). Among the patients
withDPN, 61.5%hadDPN-related sensory symptoms/signs,which
were significantly associated with female sex, smoking, and alcohol
drinking (10).

Under-diagnosis is very common for pDPN in clinical
practice (11). A USA study showed that while 83% of diabetes
patients might report symptoms of pDNP at study, only 41% of
them had ever been diagnosed as having DPN by healthcare
practitioners (11). Another Japanese study showed that although
22.1% of the 298 studied patients might have pDPN, only 36.4%
of them were recognized by the physicians (12). A recent
multinational survey conducted in five countries in South-East
Asia indicated that there might be significant gaps between
Frontiers in Endocrinology | www.frontiersin.org 265
physicians and patients in the perception of pDPN (13). The
investigators advocated physician-patient dialogue to maximize
patient outcomes (13).

Because reports on diabetic sensory neuropathy are rare and
its true prevalence requires careful and systematic evaluation, the
present study aimed at investigating the prevalence and risk
factors of sensory symptoms (SS) in a representative cohort of
diabetes patients derived from an epidemiological study
in Taiwan.
MATERIALS AND METHODS

Study Subjects
The study was approved by an ethics committee of the
Department of Health of Taiwan (DOH89-TD-1035) and the
subjects participated in the study voluntarily. The participants
were informed of the purpose of the study and the funding of the
study by the Department of Health of Taiwan. They were able to
opt out of the study according to their free will. At the time of
questionnaire interview and blood sampling, signed inform
consent was not required according to local regulations. More
than 96% of the Taiwanese population is covered by a universal
and compulsory National Health Insurance at the time of the
study. A total of 256,036 diabetes patients using this health
insurance were assembled from 1995 to 1998 to investigate a
series of epidemiologic issues (14). Baseline data on the onset
symptoms and confirmation of diabetes diagnosis were collected
by a questionnaire from 93,484 patients (15). At random, 4,164
patients living in the Northern Region of Taiwan from the main
cluster of 93,484 patients were selected and invited to participate
in a health examination. From March 1998 to September 2002, a
total of 1,441 patients participated in the health examination. No
significant differences in age or sex were noted among the main
national sample and those who participated in the health
examination (16, 17).
Questionnaire Interview for Sensory
Symptoms
For those who participated in the health examination, a structured
questionnaire (Supplementary File) was interviewed by a well-
trained interviewer for the symptoms of three categories of sensory
abnormalities: 1) numbness or tingling pain; 2) electric shock; and
3) skin thickness. Seven sites on each upper limb (i.e., fingertip,
other parts of the finger, palm, dorsum of hand, wrist, lower arm,
and upper arm) and six sites on each lower limb (toe tip, other parts
of the toe, plantar surface of foot, dorsum of foot, lower leg, and
thigh) were recorded for the respective symptoms.
Measurements of Covariates
Age, sex, diabetes duration, fasting plasma glucose/hemoglobin
A1c (A1C), smoking, obesity, hypertension, dyslipidemia,
proteinuria, and use of insulin were treated as covariates.

Diabetes duration was defined as the time period in years
between the time of receiving health examination and the time
January 2021 | Volume 11 | Article 580426
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when diabetes was diagnosed. Patients who smoked one or more
cigarettes per day were defined as smokers.

Anthropometric factors including body height, body weight,
and waist circumference were measured as described in detail
previously (18, 19). Body mass index was calculated as body
weight in kg divided by the square of body height in meters.
Obesity was defined as a body mass index ≥25 kg/m2 (20), and/or
a waist circumference ≥90 cm for men or ≥80 cm for women.

A mercury sphygmomanometer was used to measure blood
pressure on the right arm after 20 min rest in a sitting position.
Definition of hypertension was based on one of the following three
criteria: 1) being under treatment with antihypertensive drugs;
2) having systolic blood pressure ≥140 mmHg; or 3) having
diastolic blood pressure ≥90 mmHg.

Subjectswere instructed to avoid any vigorous physical activities
one day before attending the health examination, to prevent any
undue influence on the urinary excretion of albumin. In the early
morningof the date ofhealth examination, urine andblood samples
were collected after fasting for a minimum duration of 12 h. First
voided mid-stream urine was collected and then venous blood
samplewas taken.Urinary albuminconcentrationwasmeasuredby
a particle-enhanced turbidimetric immunoassay (Biolatex®,
Logroño, Spain) (21, 22) and urinary creatinine concentration
was measured after dilution (×10) on an automated chemistry
analyzer (Cobas Mira S, Roche Diagnostica, Basel, Switzerland)
with reagents obtained from Randox Laboratories Ltd. (Antrim,
UK). Proteinuria was defined by an albumin-to-creatinine ratio
≥300 mg/mg. Fasting plasma glucose and serum lipid profiles were
measured by an automatic biochemistry analyzer (Cobas Mira S,
RocheDiagnostica,Basel, Switzerland)with reagents obtained from
Randox Laboratories Ltd. (Antrim, UK). A1C was measured by
means of boronate affinity chromatography with reagents obtained
from the Primus Corporation (Primus CLC385, Kansas City, MO,
USA). Dyslipidemiawas defined as a triglyceride level≥1.7mmol/L
and/or low-density lipoprotein cholesterol ≥2.59 mmol/L and/or
high-density lipoprotein cholesterol <0.9 mmol/L for men or <1.0
mmol/L for women, and/or those undergoing treatment for
lipid disorder.
Statistical Analyses
Analyses were conducted using SAS statistical software, version 9.4
(SAS Institute, Cary, NC, USA). P-value <0.05 was considered
statistically significant.

The distributions of the three categories of sensory abnormalities
(i.e., numbness or tingling pain, electric shock, and skin thickness)
and any symptom by sites on upper and lower limbs were first
tabulated. SS was defined by nine different criteria with positive
symptom: 1) any positive symptom on at least one site; 2) any
positive symptomonat least one site involving the lower limb;3) any
positive symptom on at least two sites with at least one involving the
lower limb; 4) any positive symptom on at least three sites with at
least one involving the lower limb; 5) any positive symptom on at
least four sites with at least one involving the lower limb; 6) any
positive symptomon at least two sites with at least two involving the
lower limb; 7) any positive symptom on at least three sites with at
least two involving the lower limb; 8) any positive symptom on at
Frontiers in Endocrinology | www.frontiersin.org 366
least four sites with at least two involving the lower limb; and 9) any
positive symptom on at least bilateral and symmetrical two sites
involving the lower limb.

The prevalence of SS according to the different criteria was
then calculated for all patients and for men and women,
respectively. Chi square test was used to compare the
difference of SS prevalence between men and women.

To identify potential risk factors of SS, logistic regression
models were created to estimate the odds ratios and their 95%
confidence intervals. SS defined by different criteria was treated
as a dependent variable, and all covariates including age, sex,
diabetes duration, fasting plasma glucose/A1C, smoking, obesity,
hypertension, dyslipidemia, proteinuria, and use of insulin were
treated as independent variables. Because fasting plasma glucose
and A1C were highly correlated, separate models were created
for these two covariates.
RESULTS

A total of 1,400 patients received questionnaire interview for the
sensory symptoms. Among them, 1,395 patients received health
examination and had complete data of the measured covariates.

Table 1 shows the distribution of the three categories of
sensory abnormalities by sites on the upper limbs and lower
limbs, respectively. The most common complaint was numbness
or tingling pain, which involved mainly the fingers or toes. For
any symptoms, 37.1% of the patients had any symptoms on the
upper limbs and 41.7% had any symptoms on the lower limbs.

Table 2 shows the prevalence of SS by using the nine different
definitions. If any positive symptom on any one site was defined
as SS, then 54.0% of the patients would have SS. If the most
stringent definition was applied (i.e., any positive symptom on at
least bilateral and symmetrical two sites involving the lower
limb), then 14.4% of the patients would have SS. When
comparing the prevalence between men and women, it is
evident that a significantly higher prevalence was observed in
women disregarding the definitions used.

Tables 3 and 4 show the odds ratios and their 95% confidence
intervals in models using the nine different definitions of SS.
Table 3 shows the models created with fasting plasma glucose
and Table 4 shows the models created with A1C. Female sex,
diabetes duration, A1C, and hypertension were the four variables
that were significantly associated with SS in all models. Fasting
plasma glucose was not as good as A1C in the association with
SS. Smoking, obesity, and dyslipidemia were not associated with
SS in all models. Except for model II in Table 4, age was not
associated with SS. Other covariates including proteinuria and
use of insulin were not consistently associated with SS.
DISCUSSION

This is the first population-based observational study evaluating
the sensory abnormalities in Taiwanese diabetes patients. The
prevalence of 14.4% by using the most stringent criterion in the
January 2021 | Volume 11 | Article 580426
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present study was lower than the reported 20.3% in our early study
conducted in 1978 in Taipei City by using a definition of a slowed
motor nerve conduction velocity (1). However, this prevalence rate
was the same as that reported in the nationwide hospital-based
survey conducted in Korea (7). The identified independent risk
factorsoffemale sexandhypertension in thepresent study (Tables3
and4)were alsoobserved in theKorean study (7).Thepresent study
suggested that diabetesdurationwas significantly associatedwithSS
aftermultivariate adjustment (Tables 3 and 4).On the contrary, the
Korean study showed that age but not diabetes duration was
significantly associated with pDPN (7). Glycemic control,
especially when indicated by A1C, was significantly associated
with SS in the present study (Tables 3 and 4), but the Korean
study suggested that fasting plasma glucose was better associated
with pDPN thanA1C (7). The higher risk associatedwith the use of
insulin in our previous study (1) and in the present cross-sectional
study in some models (Tables 3 and 4) might just indicate a poor
glycemic control in patients who required insulin for treatment
rather than a true cause-effect relationship.
Frontiers in Endocrinology | www.frontiersin.org 467
Sex differences in sensory perception have long been
recognized either in animals or humans (23–25). Females are
more sensitive to pain than males (23–25). The real mechanisms
for such a sex discrepancy in sensory perception remain to be
explored, but biological, sociocultural, and psychological factors
may play some roles (24, 25). Recent studies suggested a role of
estrogen in the regulation of pain processing pathway with the
involvement of the adaptive immune system (22, 26, 27). It is not
known whether the higher prevalence of SS in women than in
men was due to sex difference in the thresholds of sensory
perception. A female preponderance of pDPN was also
observed in the Korean study (7) and the Japanese study (10).
Animal in vitro and in vivo studies suggested that estradiol may
upregulate the nocisensor transient receptor potential (TRP)
vanilloid 1 receptor in sensory neurons, resulting in lowered
thresholds of sensation (28). Animal studies also supported that
female sex may experience greater pain related to inflammation,
because of the upregulation of TRP vanilloid 1, TRP ankyrin 1,
and TRP melastatin 8 by prolactin; and such effects are more
TABLE 2 | Prevalence rates of sensory symptoms by using different definitions in different sexes.

Definition All patients Men Women P-value*

n/N PR (%) n/N PR (%) n/N PR (%)

Any positive symptom on at least 1 site 756/1,400 54.0 339/672 50.5 417/728 57.3 0.0104
Any positive symptom on at least 1 site involving the lower limb 584/1,400 41.7 258/672 38.4 326/728 44.8 0.0155
Any positive symptom on at least 2 sites with at least one involving the lower limb 498/1,400 35.6 221/672 32.9 277/728 38.1 0.0438
Any positive symptom on at least 3 sites with at least one involving the lower limb 422/1,400 30.1 184/672 27.4 238/728 32.7 0.0305
Any positive symptom on at least 4 sites with at least one involving the lower limb 346/1,400 24.7 146/672 21.7 200/728 27.5 0.0128
Any positive symptom on at least 2 sites with at least two involving the lower limb 447/1,400 31.9 193/672 28.7 254/728 34.9 0.0134
Any positive symptom on at least 3 sites with at least two involving the lower limb 390/1,400 27.9 165/672 24.6 225/728 30.9 0.0081
Any positive symptom on at least 4 sites with at least two involving the lower limb 333/1,400 23.8 139/672 20.7 194/728 26.7 0.0088
Any positive symptom on at least bilateral and symmetrical 2 sites involving the lower limb 202/1,400 14.4 82/672 12.2 120/728 16.5 0.0228
January 2021
 | Volume 11 | Artic
n, cases with symptoms; N, cases interviewed; PR, prevalence rate.
*Chi-square test comparing the prevalence in men and women.
TABLE 1 | Distribution of positive sensory symptoms by sites on upper and lower limbs in 1,400 diabetes patients.

Limb/Site Numbness or tingling pain Electric shock Skin thickness Any symptoms

No Yes No Yes No Yes No Yes

n % n % n % n % n % n % n % n %

Upper limb
Finger tip 1,012 72.29 388 27.7 1,323 94.50 77 5.5 1,352 96.57 48 3.4 979 69.93 421 30.1
Other parts of finger 1,016 72.57 384 27.4 1,336 95.43 64 4.6 1,353 96.64 47 3.4 987 70.50 413 29.5
Palm 1,177 84.07 223 15.9 1,360 97.14 40 2.9 1,366 97.57 34 2.4 1,146 81.86 254 18.1
Dorsum of hand 1,307 93.36 93 6.6 1,377 98.36 23 1.6 1,388 99.14 12 0.9 1,287 91.93 113 8.1
Wrist 1,342 95.86 58 4.1 1,380 98.57 20 1.4 1,386 99.00 14 1.0 1,320 94.29 80 5.7
Lower arm 1,361 97.21 39 2.8 1,383 98.79 17 1.2 1,389 99.21 11 0.8 1,345 96.07 55 3.9
Upper arm 1,350 96.43 50 3.6 1,378 98.43 22 1.6 1,386 99.00 14 1.0 1,333 95.21 67 4.8
Any site 916 65.43 484 34.6 1,305 93.21 95 6.8 1,331 95.07 69 4.9 881 62.93 519 37.1

Lower limb
Toe tip 1,049 74.93 351 25.1 1,331 95.07 69 4.9 1,349 96.36 51 3.6 1,011 72.21 389 27.8
Other parts of toe 1,027 73.36 373 26.6 1,334 95.29 66 4.7 1,318 94.14 82 5.9 972 69.43 428 30.6
Plantar surface of foot 1,110 79.29 290 20.7 1,342 95.86 58 4.1 1,303 93.07 97 6.9 1,036 74.00 364 26.0
Dorsum of foot 1,264 90.29 136 9.7 1,361 97.21 39 2.8 1,371 97.93 29 2.1 1,231 87.93 169 12.1
Lower leg 1,260 90.00 140 10.0 1,356 96.86 44 3.1 1,380 98.57 20 1.4 1,227 87.64 173 12.4
Thigh 1,336 95.43 64 4.6 1,371 97.93 29 2.1 1,384 98.86 16 1.1 1,314 93.86 86 6.1
Any site 903 64.50 497 35.5 1,286 91.86 114 8.1 1,255 89.64 145 10.4 816 58.29 584 41.7
le 5
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TABLE 3 | Logistic regression evaluating risk factors of sensory symptoms according to different definitions (models with fasting plasma glucose).

Risk factor Interpretation n/N Odds ratio 95% Confidence interval P-value

I. Any positive symptom on at least 1 site
Age Every 1-yr increment 753/1,395 1.000 (0.990–1.011) 0.9431
Sex Men vs. women 338/669; 415/726 0.701 (0.528–0.932) 0.0143
Diabetes duration Every 1-yr increment 753/1,395 1.026 (1.010–1.042) 0.0011
Fasting glucose Every 1-mg/dl increment 753/1,395 1.002 (0.999–1.003) 0.0694
Smoking Yes vs. no 262/492; 491/903 1.280 (0.956–1.716) 0.0977
Obesity Yes vs. no 535/966; 218/429 1.070 (0.841–1.361) 0.5811
Hypertension Yes vs. no 468/821; 285/574 1.259 (1.001–1.583) 0.0495
Dyslipidemia Yes vs. no 489/886; 264/509 0.824 (0.606–1.121) 0.2185
Proteinuria Yes vs. no 97/148; 656/1,247 1.512 (1.048–2.181) 0.0269
Use of insulin Yes vs. no 126/196; 627/1,199 1.354 (0.970–1.889) 0.0746

II. Any positive symptom on at least 1 site involving the lower limb
Age Every 1-yr increment 581/1,395 1.010 (0.999–1.021) 0.0542
Sex Men vs. women 257/669; 324/726 0.687 (0.512–0.922) 0.0123
Diabetes duration Every 1-yr increment 581/1,395 1.024 (1.008–1.039) 0.0024
Fasting glucose Every 1-mg/dl increment 581/1,395 1.002 (0.999–1.003) 0.0723
Smoking Yes vs. no 203/492; 378/903 1.319 (0.975–1.785) 0.0726
Obesity Yes vs. no 406/966; 175/429 0.895 (0.700–1.145) 0.3784
Hypertension Yes vs. no 371/821; 210/574 1.290 (1.021–1.631) 0.0330
Dyslipidemia Yes vs. no 381/886; 200/509 0.837 (0.614–1.140) 0.2578
Proteinuria Yes vs. no 83/148; 498/1,247 1.731 (1.214–2.470) 0.0025
Use of insulin Yes vs. no 104/196; 477/1,199 1.478 (1.067–2.047) 0.0187

III. Any positive symptom on at least 2 sites with at least one involving the lower limb
Age Every 1-yr increment 495/1,395 1.008 (0.998–1.019) 0.1276
Sex Men vs. women 220/669; 275/726 0.711 (0.525–0.962) 0.0271
Diabetes duration Every 1-yr increment 495/1,395 1.028 (1.013–1.044) 0.0004
Fasting glucose Every 1-mg/dl increment 495/1,395 1.002 (0.999–1.004) 0.0512
Smoking Yes vs. no 174/492; 321/903 1.308 (0.958–1.787) 0.0913
Obesity Yes vs. no 340/966; 155/429 0.828 (0.644–1.065) 0.1419
Hypertension Yes vs. no 317/821; 178/574 1.296 (1.018–1.651) 0.0352
Dyslipidemia Yes vs. no 328/886; 167/509 1.002 (0.727–1.382) 0.9893
Proteinuria Yes vs. no 66/148; 429/1,247 1.355 (0.949–1.936) 0.0950
Use of insulin Yes vs. no 89/196; 406/1,199 1.393 (1.004–1.934) 0.0473

IV. Any positive symptom on at least 3 sites with at least one involving the lower limb
Age Every 1-yr increment 419/1,395 1.006 (0.995–1.018) 0.2922
Sex Men vs. women 183/669; 236/726 0.699 (0.509–0.961) 0.0273
Diabetes duration Every 1-yr increment 419/1,395 1.030 (1.014–1.046) 0.0003
Fasting glucose Every 1-mg/dl increment 419/1,395 1.002 (0.999–1.004) 0.0521
Smoking Yes vs. no 145/492; 274/903 1.278 (0.921–1.773) 0.1417
Obesity Yes vs. no 288/966; 131/429 0.824 (0.634–1.072) 0.1494
Hypertension Yes vs. no 275/821; 144/574 1.403 (1.089–1.809) 0.0088
Dyslipidemia Yes vs. no 284/886; 135/509 1.077 (0.767–1.512) 0.6681
Proteinuria Yes vs. no 57/148; 362/1,247 1.331 (0.924–1.917) 0.1246
Use of insulin Yes vs. no 73/196; 346/1,199 1.229 (0.876–1.725) 0.2327

V. Any positive symptom on at least 4 sites with at least one involving the lower limb
Age Every 1-yr increment 344/1,395 1.006 (0.994–1.019) 0.3085
Sex Men vs. women 145/669; 199/726 0.693 (0.493–0.973) 0.0343
Diabetes duration Every 1-yr increment 344/1,395 1.034 (1.017–1.052) <0.0001
Fasting glucose Every 1-mg/dl increment 344/1,395 1.002 (1.000–1.004) 0.0396
Smoking Yes vs. no 114/492; 230/903 1.190 (0.837–1.691) 0.3327
Obesity Yes vs. no 240/966; 104/429 0.870 (0.657–1.152) 0.3318
Hypertension Yes vs. no 227/821; 117/574 1.353 (1.032–1.774) 0.0286
Dyslipidemia Yes vs. no 241/886; 103/509 1.084 (0.753–1.560) 0.6648
Proteinuria Yes vs. no 51/148; 293/1,247 1.480 (1.016–2.156) 0.0412
Use of insulin Yes vs. no 62/196; 282/1,199 1.480 (0.848–1.724) 0.2951

VI. Any positive symptom on at least 2 sites with at least two involving the lower limb
Age Every 1-yr increment 444/1,395 1.006 (0.995–1.017) 0.2767
Sex Men vs. women 192/669; 252/726 0.717 (0.525–0.980) 0.0367
Diabetes duration Every 1-yr increment 444/1,395 1.028 (1.012–1.044) 0.0005
Fasting glucose Every 1-mg/dl increment 444/1,395 1.003 (1.001–1.005) 0.0031
Smoking Yes vs. no 150/492; 294/903 1.193 (0.865–1.646) 0.2825
Obesity Yes vs. no 310/966; 134/429 0.893 (0.689–1.158) 0.2825
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prominent in female than in male rats (29, 30). Studies
conducted in humans also suggested sex differences in the
response to mechanical pressure pain (31) and cold pressor
pain (32), which might be related to the differences in sex
hormone levels between men and women and during different
phases of menstruation cycle in women.

DPN may develop at an early stage of hyperglycemia
including the prediabetes status (33). Therefore, the nerve
damages caused by high glucose levels can develop insidiously
during the long period of prediabetes status. The consistency of
diabetes duration (but not age) and A1C in the association with
SS (Tables 3 and 4) suggested that the SS might be diabetes-
specific and related to glycemic control.

A recent study showed an association between pDPN and
nondipping in blood pressure during midnight (34). Because the
circadian change in blood pressure is controlled by autonomic
nerve and diabetes patients with hypertension is highly associated
with non-dipping (35), the link between hypertension and SS, but
not other major atherosclerotic risk factors such as smoking,
Frontiers in Endocrinology | www.frontiersin.org 669
obesity, and dyslipidemia (Tables 3 and 4), suggested a potential
involvement of autonomic neuropathy.

This study has several strengths. First, it was conducted in a
population-based representative cohort of diabetes patients and
might be more readily used for generalization of the findings.
Second, the questionnaire covered three categories of symptoms
on different anatomical sites for a better description of the
clinical distributions of different symptoms. Third, by using the
different definitions of SS, it was possible for us to evaluate
the prevalence according to different definitions (Table 2) and to
test the consistency of findings by using different definitions
(Tables 3 and 4).

There are some limitations. First, this study was conducted in
1990s, and therefore, it remains unknown whether the prevalence
might have changed significantly in recent years. However, a long-
term follow-up of the patients would allow us to conduct studies in
the near future to evaluate the impact of SS on the mortality of the
patients by matching the national death certificates database in
Taiwan. Second, because the study was conducted at a time when
TABLE 3 | Continued

Risk factor Interpretation n/N Odds ratio 95% Confidence interval P-value

Hypertension Yes vs. no 289/821; 155/574 1.350 (1.052–1.732) 0.0184
Dyslipidemia Yes vs. no 294/886; 150/509 0.956 (0.688–1.330) 0.7914
Proteinuria Yes vs. no 62/148; 382/1,247 1.416 (0.988–2.030) 0.0585
Use of insulin Yes vs. no 79/196; 365/1,199 1.284 (0.920–1.794) 0.1420

VII. Any positive symptom on at least 3 sites with at least two involving the lower limb
Age Every 1-yr increment 387/1,395 1.005 (0.993–1.017) 0.3975
Sex Men vs. women 164/669; 223/726 0.715 (0.517–0.989) 0.0427
Diabetes duration Every 1-yr increment 387/1,395 1.031 (1.014–1.047) 0.0003
Fasting glucose Every 1-mg/dl increment 387/1,395 1.003 (1.001–1.005) 0.0070
Smoking Yes vs. no 127/492; 260/903 1.131 (0.808–1.583) 0.4738
Obesity Yes vs. no 270/966; 117/429 0.879 (0.671–1.152) 0.3505
Hypertension Yes vs. no 255/821; 132/574 1.388 (1.070–1.801) 0.0135
Dyslipidemia Yes vs. no 263/886; 124/509 1.038 (0.734–1.470) 0.8315
Proteinuria Yes vs. no 54/148; 333/1,247 1.357 (0.937–1.964) 0.1060
Use of insulin Yes vs. no 68/196; 319/1,199 1.199 (0.849–1.693) 0.3037

VIII. Any positive symptom on at least 4 sites with at least two involving the lower limb
Age Every 1-yr increment 331/1,395 1.006 (0.993–1.018) 0.3612
Sex Men vs. women 138/669; 193/726 0.692 (0.491–0.977) 0.0362
Diabetes duration Every 1-yr increment 331/1,395 1.033 (1.016–1.051) 0.0001
Fasting glucose Every 1-mg/dl increment 331/1,395 1.002 (1.000–1.004) 0.0188
Smoking Yes vs. no 108/492; 223/903 1.154 (0.808–1.648) 0.4315
Obesity Yes vs. no 231/966; 100/429 0.868 (0.652–1.153) 0.3282
Hypertension Yes vs. no 218/821; 113/574 1.334 (1.014–1.756) 0.0395
Dyslipidemia Yes vs. no 232/886; 99/509 1.085 (0.749–1.570) 0.6662
Proteinuria Yes vs. no 50/148; 281/1,247 1.515 (1.038–2.213) 0.0315
Use of insulin Yes vs. no 61/196; 270/1,199 1.250 (0.875–1.787) 0.2202

IX. Any positive symptom on at least bilateral and symmetrical 2 sites involving the lower limb
Age Every 1-yr increment 201/1,395 1.006 (0.990–1.021) 0.4602
Sex Men vs. women 81/669; 120/726 0.565 (0.365–0.875) 0.0105
Diabetes duration Every 1-yr increment 201/1,395 1.049 (1.028–1.070) <0.0001
Fasting glucose Every 1-mg/dl increment 201/1,395 1.002 (0.999–1.004) 0.0908
Smoking Yes vs. no 69/492; 132/903 1.500 (0.959–2.347) 0.0759
Obesity Yes vs. no 137/966; 64/429 0.746 (0.529–1.053) 0.0956
Hypertension Yes vs. no 142/821; 59/574 1.654 (1.171–2.336) 0.0043
Dyslipidemia Yes vs. no 146/886; 55/509 1.473 (0.900–2.413) 0.1236
Proteinuria Yes vs. no 34/148; 167/1,247 1.582 (1.025–2.443) 0.0385
Use of insulin Yes vs. no 38/196; 163/1,199 1.139 (0.744–1.741) 0.5494
January 2021 | Volume 11 | Article
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TABLE 4 | Logistic regression evaluating risk factors of sensory symptoms according to different definitions (models with A1C).

Risk factor Interpretation n/N Odds ratio 95% Confidence interval P-value

I. Any positive symptom on at least 1 site
Age Every 1-yr increment 753/1,395 1.001 (0.991–1.012) 0.8035
Sex Men vs. women 338/669; 415/726 0.702 (0.529–0.933) 0.0149
Diabetes duration Every 1-yr increment 753/1,395 1.025 (1.010–1.041) 0.0015
A1C Every 1% increment 753/1,395 1.095 (1.033–1.161) 0.0023
Smoking Yes vs. no 262/492; 491/903 1.277 (0.952–1.712) 0.1022
Obesity Yes vs. no 535/966; 218/429 1.059 (0.832–1.348) 0.6395
Hypertension Yes vs. no 468/821; 285/574 1.267 (1.007–1.595) 0.0434
Dyslipidemia Yes vs. no 489/886; 264/509 0.821 (0.604–1.117) 0.2090
Proteinuria Yes vs. no 97/148; 656/1,247 1.483 (1.027–2.140) 0.0356
Use of insulin Yes vs. no 126/196; 627/1,199 1.336 (0.957–1.866) 0.0884

II. Any positive symptom on at least 1 site involving the lower limb
Age Every 1-yr increment 581/1,395 1.011 (1.001–1.022) 0.0381
Sex Men vs. women 257/669; 324/726 0.687 (0.512–0.922) 0.0125
Diabetes duration Every 1-yr increment 581/1,395 1.023 (1.008–1.039) 0.0031
A1C Every 1% increment 581/1,395 1.086 (1.025–1.152) 0.0055
Smoking Yes vs. no 203/492; 378/903 1.318 (0.974–1.785) 0.0739
Obesity Yes vs. no 406/966; 175/429 0.885 (0.692–1.133) 0.3328
Hypertension Yes vs. no 371/821; 210/574 1.300 (1.029–1.644) 0.0282
Dyslipidemia Yes vs. no 381/886; 200/509 0.835 (0.613–1.137) 0.2518
Proteinuria Yes vs. no 83/148; 498/1,247 1.703 (1.193–2.431) 0.0034
Use of insulin Yes vs. no 104/196; 477/1,199 1.463 (1.056–2.027) 0.0222

III. Any positive symptom on at least 2 sites with at least one involving the lower limb
Age Every 1-yr increment 495/1,395 1.009 (0.999–1.021) 0.0888
Sex Men vs. women 220/669; 275/726 0.712 (0.525–0.964) 0.0281
Diabetes duration Every 1-yr increment 495/1,395 1.028 (1.012–1.044) 0.0005
A1C Every 1% increment 495/1,395 1.099 (1.035–1.167) 0.0019
Smoking Yes vs. no 174/492; 321/903 1.307 (0.956–1.786) 0.0933
Obesity Yes vs. no 340/966; 155/429 0.817 (0.635–1.052) 0.1172
Hypertension Yes vs. no 317/821; 178/574 1.307 (1.027–1.665) 0.0298
Dyslipidemia Yes vs. no 328/886; 167/509 1.000 (0.725–1.378) 0.9987
Proteinuria Yes vs. no 66/148; 429/1,247 1.329 (0.930–1.900) 0.1186
Use of insulin Yes vs. no 89/196; 406/1,199 1.378 (0.993–1.914) 0.0554

IV. Any positive symptom on at least 3 sites with at least one involving the lower limb
Age Every 1-yr increment 419/1,395 1.007 (0.996–1.019) 0.2268
Sex Men vs. women 183/669; 236/726 0.700 (0.509–0.963) 0.0283
Diabetes duration Every 1-yr increment 419/1,395 1.029 (1.013–1.046) 0.0004
A1C Every 1% increment 419/1,395 1.097 (1.032–1.167) 0.0032
Smoking Yes vs. no 145/492; 274/903 1.277 (0.920–1.773) 0.1434
Obesity Yes vs. no 288/966; 131/429 0.813 (0.625–1.058) 0.1242
Hypertension Yes vs. no 275/821; 144/574 1.416 (1.099–1.825) 0.0072
Dyslipidemia Yes vs. no 284/886; 135/509 1.075 (0.766–1.510) 0.6743
Proteinuria Yes vs. no 57/148; 362/1,247 1.307 (0.907–1.885) 0.1509
Use of insulin Yes vs. no 73/196; 346/1,199 1.217 (0.867–1.709) 0.2567

V. Any positive symptom on at least 4 sites with at least one involving the lower limb
Age Every 1-yr increment 344/1,395 1.007 (0.995–1.020) 0.2436
Sex Men vs. women 145/669; 199/726 0.694 (0.494–0.976) 0.0357
Diabetes duration Every 1-yr increment 344/1,395 1.034 (1.017–1.051) <0.0001
A1C Every 1% increment 344/1,395 1.106 (1.036–1.180) 0.0026
Smoking Yes vs. no 114/492; 230/903 1.189 (0.836–1.691) 0.3346
Obesity Yes vs. no 240/966; 104/429 0.857 (0.647–1.136) 0.2843
Hypertension Yes vs. no 227/821; 117/574 1.367 (1.042–1.792) 0.0238
Dyslipidemia Yes vs. no 241/886; 103/509 1.083 (0.752–1.559) 0.6681
Proteinuria Yes vs. no 51/148; 293/1,247 1.454 (0.997–2.120) 0.0518
Use of insulin Yes vs. no 62/196; 282/1,199 1.197 (0.839–1.707) 0.3220

VI. Any positive symptom on at least 2 sites with at least two involving the lower limb
Age Every 1-yr increment 444/1,395 1.006 (0.995–1.018) 0.2641
Sex Men vs. women 192/669; 252/726 0.713 (0.522–0.974) 0.0334
Diabetes duration Every 1-yr increment 444/1,395 1.028 (1.012–1.044) 0.0007
A1C Every 1% increment 444/1,395 1.106 (1.041–1.175) 0.0012
Smoking Yes vs. no 150/492; 294/903 1.198 (0.868–1.653) 0.2717
Obesity Yes vs. no 310/966; 134/429 0.878 (0.677–1.139) 0.3284

(Continued)
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the currently used tools such as LANSS (Leeds Assessment of
Neuropathic Symptoms and Signs) (36) and DN4 (Douleur
Neuropathique 4) (37) were not yet available, we used a
questionnaire developed by ourselves. Third, we recognized that
the validity and reliability of the questionnaire used in the study had
notbeen tested.Therefore,we still need to take someeffort to test the
validity and reliability of this questionnaire and to examine its
usefulness as a clinical tool for predicting the development of
diabetes complications and mortality. The inclusion of
neurological examinations and objective laboratory tests such as
Achilles tendon reflex, vibration threshold and nerve conduction
velocity, etc. inour future studieswouldbehelpful for evaluating the
usefulness of the questionnaire. Fourth, the cross-sectional nature
of the study did not allow a direct interpretation of cause-effect
relationship between the evaluated covariates and SS. Fifth, this
study was not able to evaluate the prevalence of painless
neuropathy, which is related to the development of diabetic foot
(38). Sixth, symptom severity was not evaluated in the present
study. Seventh, the abnormal sensation obtained from the interview
mightnot be really due toDPN.Otherdiseases suchas carpal tunnel
Frontiers in Endocrinology | www.frontiersin.org 871
syndrome or spinal stenosis could not be excluded because of
similar sensory presentations.

In summary, the presentation of SS is very common in the
Taiwanesediabetes patients.Theprevalencemay range from14.4 to
54.0% by using the most stringent criterion to using the least
stringent criterion. Women are more prone to report sensory
abnormalities than men. SS may be diabetes-specific and related
to female sex, diabetes duration, A1C, and hypertension. However,
age, and other atherosclerotic risk factors such as smoking, obesity,
and dyslipidemia are not associated with SS. Prospective cohort
studies are required to explore the cause-effect relationship of
some covariates.
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Risk factor Interpretation n/N Odds ratio 95% Confidence interval P-value

Hypertension Yes vs. no 289/821; 155/574 1.370 (1.068–1.758) 0.0132
Dyslipidemia Yes vs. no 294/886; 150/509 0.965 (0.694–1.342) 0.8330
Proteinuria Yes vs. no 62/148; 382/1,247 1.400 (0.977–2.008) 0.0671
Use of insulin Yes vs. no 79/196; 365/1,199 1.270 (0.909–1.774) 0.1608

VII. Any positive symptom on at least 3 sites with at least two involving the lower limb
Age Every 1-yr increment 387/1,395 1.006 (0.994–1.017) 0.3553
Sex Men vs. women 164/669; 223/726 0.713 (0.515–0.986) 0.0410
Diabetes duration Every 1-yr increment 387/1,395 1.030 (1.013–1.047) 0.0004
A1C Every 1% increment 387/1,395 1.111 (1.043–1.183) 0.0011
Smoking Yes vs. no 127/492; 260/903 1.134 (0.810–1.587) 0.4649
Obesity Yes vs. no 270/966; 117/429 0.865 (0.660–1.134) 0.2929
Hypertension Yes vs. no 255/821; 132/574 1.408 (1.085–1.827) 0.0100
Dyslipidemia Yes vs. no 263/886; 124/509 1.044 (0.738–1.478) 0.8082
Proteinuria Yes vs. no 54/148; 333/1,247 1.044 (0.923–1.937) 0.1241
Use of insulin Yes vs. no 68/196; 319/1,199 1.186 (0.839–1.674) 0.3338

VIII. Any positive symptom on at least 4 sites with at least two involving the lower limb
Age Every 1-yr increment 331/1,395 1.006 (0.994–1.019) 0.3209
Sex Men vs. women 138/669; 193/726 0.691 (0.490–0.975) 0.0356
Diabetes duration Every 1-yr increment 331/1,395 1.033 (1.015–1.050) 0.0002
A1C Every 1% increment 331/1,395 1.102 (1.032–1.178) 0.0037
Smoking Yes vs. no 108/492; 223/903 1.156 (0.809–1.652) 0.4246
Obesity Yes vs. no 231/966; 100/429 0.854 (0.642–1.136) 0.2776
Hypertension Yes vs. no 218/821; 113/574 1.351 (1.027–1.778) 0.0316
Dyslipidemia Yes vs. no 232/886; 99/509 1.089 (0.753–1.577) 0.6499
Proteinuria Yes vs. no 50/148; 281/1,247 1.495 (1.023–2.185) 0.0376
Use of insulin Yes vs. no 61/196; 270/1,199 1.239 (0.867–1.770) 0.2401

IX. Any positive symptom on at least bilateral and symmetrical 2 sites involving the lower limb
Age Every 1-yr increment 201/1,395 1.006 (0.991–1.022) 0.4356
Sex Men vs. women 81/669; 120/726 0.565 (0.365–0.875) 0.0105
Diabetes duration Every 1-yr increment 201/1,395 1.048 (1.028–1.069) <0.0001
A1C Every 1% increment 201/1,395 1.084 (1.001–1.175) 0.0474
Smoking Yes vs. no 69/492; 132/903 1.504 (0.962–2.352) 0.0737
Obesity Yes vs. no 137/966; 64/429 0.734 (0.520–1.036) 0.0786
Hypertension Yes vs. no 142/821; 59/574 1.672 (1.185–2.360) 0.0035
Dyslipidemia Yes vs. no 146/886; 55/509 1.479 (0.903–2.421) 0.1197
Proteinuria Yes vs. no 34/148; 167/1,247 1.569 (1.016–2.423) 0.0423
Use of insulin Yes vs. no 38/196; 163/1,199 1.134 (0.742–1.734) 0.5612
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Introduction:MicroRNAs (miRNA) involved in the insulin signaling pathways deeply affect
the pathogenesis of T2DM. The aim of this study was to assess the association between
single nucleotide polymorphisms (SNP) of the related miRNAs (let-7f rs10877887, let-7a-1
rs13293512, miR-133a-1 rs8089787, miR-133a-2 rs13040413, and miR-27a rs895819)
and susceptibility to type 2 diabetes mellitus (T2DM), and its possible mechanisms.

Methods: Five SNPs in miRNAs (let-7f rs10877887, let-7a-1 rs13293512, miR-133a-1
rs8089787, miR-133a-2 rs13040413, and miR-27a rs895819) involved in the insulin
signaling pathways were selected and genotyped in a case-control study that enrolled
371 T2DM patients and 381 non-diabetic controls. The individual SNP association
analyses, interaction analyses of SNP-SNP, SNP-environmental factors were
performed. The effect the risk-associated polymorphism on regulating its mature
miRNA expression was also evaluated.

Results: In overall analyses, miR-133a-2 rs13040413 and let-7a-1 rs13293512 were
related to the susceptibility to T2DM. In stratified analyses, miR-133a-2 rs13040413, let-
7a-1 rs13293512 andmiR-27a rs895819 showed associations with T2DM in the age ≥ 60
years subgroup. Moreover, let-7a-1 rs13293512 and miR-27a rs895819 showed
associations with T2DM in male subgroup. In SNP-environmental factors interaction
analyses, there were interaction effects of miR-133a-2 rs13040413 with dyslipidemia, let-
7a-1 rs13293512 with smoking, and let-7a-1 rs13293512 with dyslipidemia on T2DM. In
SNP-SNP interaction analyses, there were also interaction effects of miR-133a-1
rs8089787 with let-7a-1 rs13293512, and miR-133a-1 rs8089787 with let-7f
rs10877887 on T2DM. Furthermore, for miR-133a-2 rs13040413, the variant T allele
showed a trend toward decreased miR-133a expression in comparison with the wild C
allele. For let-7a-1 rs13293512, the variant C allele expressed a lower let-7a compared to
the wild T allele.
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Conclusion: MiRNAs polymorphisms involved in the insulin signaling pathways and the
interaction effects of SNP-SNP, SNP-environmental factors were related to T2DM
susceptibility in a Chinese population.
Keywords: microRNA, polymorphism, type 2 diabetes mellitus, insulin signaling pathway, Chinese population
INTRODUCTION

Type 2 diabetes mellitus (T2DM) posting one of the most common
and serious chronic diseases, is characterized sustained
hyperglycemia (1). Insulin resistance, involving a defect in insulin
secretion, insulin action, or both, is central to the etiology of T2DM
(2). The underlying molecular mechanism for insulin resistance is
only partially understood. Nevertheless, increasing evidences have
showed that various microRNAs (miRNA) involved in regulating
the main protein cascades in the insulin signaling pathways that
affect insulin resistance, and therefore, the pathogenesis of T2DM,
such as let-7f with insulin growth factor-1 receptor (IGF1R), let-7a
with phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT),
miR-133a with glucose transporter 4 (GLUT4), and miR-27a with
mammalian target of rapamycin (mTOR) (3–6).

It has been showed that IGF1R was the target of let-7f. Let-7f
mimics could suppress IGF1R expression, and that let-7f
inhibitors could increase the expression level of IGF1R (3).
Blood level of let-7f was down-regulated in T2DM subjects
compared to controls (7). Moreover, let-7a is associated with
PI3K/AKT signaling. Let-7a overexpression could decrease the
expression levels of PI3K and p-AKT (4). Down-regulation of
let-7a level was observed in T2DM subjects (8). Overexpression
of miR-133a could decrease GLUT4 expression and reduced
insulin-mediated glucose uptake (5). The circulatory miR-133a
level was significantly higher in T2DM subjects than in controls.
Further, there was a positive and significant correlation between
miR-133a with fasting blood glucose (FBG) and glycated
hemoglobin in the T2DM subjects (9). Elevated miR-27a could
up-regulate mTOR phosphorylation level and enhance mTOR
signaling (6). Increased blood level of miR-27a was identified in
T2DM, and associated with measures of pancreatic b cell
function (10). Collectively, let-7f, let-7a, miR-133a, and miR-
27a have strong relationship with T2DM, both in underlying
mechanisms and expression levels.

Single nucleotide polymorphisms (SNP) are variations in single
nucleotides of genomic DNA sequence, which have modified
potentials on gene functions (11). SNPs affect the miRNA binding
efficiency, giving rise to increased or decreased miRNA regulation
(12). We hypothesize that the SNPs in miRNA may impact the
susceptibility to T2DM by miRNA dysregulation of mRNA
degradation, translation, and expression. It has been showed that
let-7f rs10877887 and let-7a-1 rs13293512 have relationships with
stroke, depression, aneurysms and cancers (13–16). Especially, let-
7a-1 rs13293512 have binding sites with interleukin-6 (IL-6), a
contributor of T2DM. The variant genotypes of let-7a-1 rs13293512
were associated with increased IL-6 expression (17). MiR-133a-1
rs8089787 are associated with asthma (18). MiR-133a-2 rs13040413
variant could increase levels of miR-133a (19). However, there was
n.org 275
no study concerning about the associations between let-7f
rs10877887, let-7a-1 rs13293512, miR-133a-1 rs8089787 and miR-
133a-2 rs13040413 and T2DM. Furthermore, the relationships of
miR-27a rs895819 and T2DM were controversial and inconclusive,
which need further investigation (20). In addition, only a part of
T2DM heritability can be interpreted by a single miRNA
polymorphism study. SNP-SNP and SNP-environmental factors
interactions may account for anothermissing part of the heritability.
But there are lacking studies on the interactions of miRNA SNPs, as
well as with environmental factors in T2DM.

Thus, the aim of our study is comprehensively investigating
the effects of variations in miRNA genes involving in insulin
signaling pathways, let-7f rs10877887, let-7a-1 rs13293512, miR-
133a-1 rs8089787, miR-133a-2 rs13040413, and miR-27a
rs895819, the interactions of SNP-SNP, SNP-environmental
factors on T2DM in a Chinese population, as well as the effect
of the risk-associated polymorphism on regulating its mature
miRNA expression.
MATERIALS AND METHODS

Study Subjects
A total of 752 participants were enrolled in this study, including
371 untreated T2DM patients and 381 non-diabetic controls.
T2DM participants were recruited from inpatient and outpatient
services at First Affiliated Hospital of China Medical University,
and control participants from local community between August
2016 and December 2018. T2DMmet the 1999WHO criteria for
diabetes: a FBG ≥ 7.0 mmol/l or a 2h blood glucose (2hBG) ≥
11.1mmol/l (21). The non-diabetic controls were included as
follows: a fasting glucose level < 6.1 mmol/l or 2h glucose level <
7.8 mmol/l, no past history of diabetes and no family history of
T2DM. Exclusion criteria were participants with type 1 diabetes
or other special types of diabetes, malignant disease, liver and
kidney disease, acute infections, or myocardial infarction. All
participants provided written informed consent after receiving a
detailed description of the study. The study was approved by the
Institutional Ethics Committee of China Medical University.
This study was carried out in accordance with the standard
biosecurity and institutional safety procedures of China
Medical University.

Data Collection, Anthropometric Measure,
and Laboratory Testing
Data of sex, age, body mass index (BMI), smoking status, and
alcohol consumption were collected from questionnaires.
Smokers were defined as having smoked at least one cigarette
February 2021 | Volume 11 | Article 587561
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per day for more than one year. Drinkers were defined as having
consumed at least one alcoholic beverage a day for a minimum
period of six months. Systolic blood pressure (SBP), diastolic
blood pressure (DBP), blood glucose, total cholesterol (TC),
high-density lipoprotein cholesterol (HDL), low-density
lipoprotein cholesterol (LDL), and triglyceride (TG) were
measured using standard laboratory procedures. Hypertension
was defined as ≥ 140/90 mmHg or any antihypertensive
treatment. Dyslipidemia was defined as TC ≥ 5.17 mmol/L, or
TG ≥ 1.70 mmol/L, or LDL ≥ 2.58 mmol/L, or HDL ≤ 0.91
mmol/L or under taking hypolipidemic drugs.

SNP Selection and Genotyping
Five tag-SNPs were identified as the following steps (22). First,
the candidate SNPs were screened in the 5′ and 3′ region, mature
sequence, pri-miRNA sequence, pre-miRNA sequence of the
miRNA genes. Second, the candidate SNPs were selected in the
combinations provided by the HapMap database (http://www.
HapMap.org) and Haploview software 4.0 (http://www.
broadinstitute.org/mpg/haploview). Third, the potential
functions of the candidate SNPs were predict by the web-based
analysis tools (SNPinfo, http://snpinfo.niehs.nih.gov; PolymiRTS
Database 3.0, http://compbio.uthsc.edu; TFSEARCH 1.3, http://
www.cbrc.jp/research/db/TFSEARCH.html). Collectively, miR-
133a-1 rs8089787, miR-133a-2 rs13040413, let-7a-1 rs13293512,
let-7f rs10877887, and miR-27a rs895819 were selected
for genotyping.

Genomic DNA was extracted using the standard phenol-
chloroformmethod, and then diluted to a working concentration
of 50ng/ml before genotyping (23). The assays, primer design,
and genotyping of candidate gene polymorphisms were
performed by Baygene Biotechnology Company Limited
(Shanghai, China) using the KASP method with SNPLine
platform (LGC, United Kingdom). For genotyping quality
controlling, 5% samples were repeated genotyped and the
results were 100% consistent.

Transfection and Real-Time PCR Reaction
for miRNA Expression
The expression vectors pGCMV-rs13040413-C, pGCMV-
rs13040413-T (site-specific mutagenesis from C to T),
pGCMV-rs13293512-T, and pGCMV-rs13293512-C (site-
specific mutagenesis from T to C) were synthesized by
Genechem Company (Genechem Co. Ltd, Shanghai, China).
The pGCMV-rs13040413-C, pGCMV-rs13040413-T, pGCMV-
rs13293512-T, pGCMV-rs13293512-C, and empty plasmids
were transfected into human embryonic kidney (HEK) 293T
cells, respectively. After 48 h, the total RNA was extracted using
TRIzol reagent (Invitrogen, USA). Real-time PCR was used to
detect miR-133a and let-7a expression using TaqManmicroRNA
assay kits (ABI, USA). All experiments were carried out
in triplicate.

Statistical Analysis
All statistical analyses were carried out with SPSS 16.0 software
(SPSS, Chicago, IL, USA). Continuous variables were presented as
mean ± SD and compared by Student’s t test, and discrete
Frontiers in Endocrinology | www.frontiersin.org 376
variables, including the Hardy-Weinberg equilibrium (HWE) in
control group, as frequencies and percentages and by Chi-square
c2 test. The association of SNPs and T2DM risk was assessed by
the odds ratios (OR) with 95% confidence intervals (CI) using
multiple logistic regression analysis after adjustment for potential
risk factors (age, gender, smoking, drinking, hypertension, and
dyslipidemia). The interaction effects (SNP-SNP, SNP-
environment) were evaluated by the likelihood-ratio with a fully
parameterized model. Differential expression of the wild type and
mutant alleles was analyzed by Student’s t test. A two-side P-value
less than 0.05 was considered statistically significant.
RESULTS

Demographic and Clinical Characteristics
Demographic and clinical data are presented in Table 1. There
were no significant differences in sex, age, BMI, smoking, and
drinking between T2DM patients and controls (P > 0.05). T2DM
patients had significant higher FBG, 2hBG, SBP, DBP, and TG,
and lower HDL when compared with controls (P < 0.05). The
dyslipidemia rate was higher in T2DM patients compared to
controls (P < 0.05).

Association of MiRNA Polymorphisms
With T2DM
All genotypes were distributed in accordance with Hardy–
Weinberg equilibrium (P > 0.05). As shown in Table 2, miR-
133a-2 rs13040413 variant genotypes were significantly
associated with an increased risk of T2DM (TT: OR = 2.18,
P = 0.028; CT+TT: OR = 1.38, P = 0.040). let-7a-1 rs13293512
variant genotypes were also associated with an increased risk of
T2MD (CC: OR = 1.61, P = 0.026; TC+CC: OR = 1.41,
P = 0.029). There was no overall genetic effect on T2DM for
miR-133a-1 rs8089787, let-7f rs10877887, and miR-27a
rs895819 (P > 0.05).

Moreover, stratified analyses were conducted to evaluate the
associations between SNPs and T2DM by age and sex (Table 3).
miR-133a-2 rs13040413 variant genotype was associated with an
increased risk of T2MD in the age ≥ 60 years subgroup (TT:
OR = 5.42, P = 0.009). let-7a-1 rs13293512 variant genotypes
were associated with an increased risk of T2MD in both the age
≥ 60 years (TC: OR = 2.19, P = 0.010; CC: OR = 2.40, P = 0.005;
TC+CC: OR = 3.20, P = 0.002) and male subgroup (CC: OR =
1.87, P = 0.040). miR-27a rs895819 variant genotypes were also
associated with an increased risk of T2MD in both the age ≥ 60
years (GG: OR = 4.92, P = 0.049) and male subgroup (AG: OR =
1.53, P = 0.049; TC+CC: OR = 1.59, P = 0.039). No statistical
significant differences were observed between miR-133a-1
rs8089787 or let-7f rs10877887 polymorphisms and T2DM
(P > 0.05).

Interactions of MiRNA Polymorphisms
and Environmental Factors in T2DM
Interaction effects of miRNA polymorphisms and environmental
factors in T2DM were also explored. The models included SNPs
February 2021 | Volume 11 | Article 587561
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with smoking, drinking, hypertension, and dyslipidemia. As
presented in Table 4, miR-133a-2 rs13040413 variant genotype
had a positive interaction with dyslipidemia on T2DM (OR = 10.26,
P = 0.004). let-7a-1 rs13293512 variant genotypes also had positive
interactions with smoking (TC: OR = 2.04, P = 0.049; TC+CC: OR =
2.15, P = 0.027) and dyslipidemia (CC: OR = 1.93, P = 0.040;
TC+CC: OR = 2.56, P = 0.030) on T2DM. However, there were
no significant differences among other gene polymorphisms and
environmental factors interactions (P > 0.05).

MiRNA SNP-SNP Interactions in T2DM
We further investigated miRNA SNP-SNP interaction effects in
T2DM. The models included dominant genotypes of miRNA
polymorphisms. It was showed that miR-133a-1 rs8089787
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variant genotype and let-7a-1 rs13293512 variant genotype had
a positive interaction effect in T2DM (OR = 3.79, P = 0.037).
Moreover, there was a positive interaction effect of miR-133a-1
rs8089787 variant genotype and let-7f rs10877887 variant
genotype in T2DM (OR = 3.61, P = 0.035) (Table 5). No
significant differences were observed among other miRNA
SNP-SNP interactions (P > 0.05).

The Effect of rs13040413 and rs13293512
on miR-133a and let-7a Expression
After 48 h, let-7a expression had statistical significance in
HEK293T cell lines (Figure 1B). The variant C allele expressed
a lower let-7a when compared to the wild T allele (2.51 ± 0.22 vs
3.11 ± 0.28, P = 0.047). While miR-133a expression did not reach
TABLE 1 | Demographics and clinical characteristics of type 2 diabetes mellitus cases and non-diabetic controls.

Variables T2DM (N=371) controls (N=381) T/c2 P value

Sex, M/F (%) 196/175 (52.8/47.2) 192/189 (50.4/49.6) 0.447 0.504
Age (years) 54.15 ± 10.55 54.71 ± 8.96 -0.778 0.437
Body mass index (kg/m2) 25.35 ± 3.74 25.38 ± 3.28 -0.070 0.944
Smoking, Y/N (%) 113/258 (30.4/69.6) 98/283 (25.5/74.5) 3.463 0.073
Drinking, Y/N (%) 75/296 (20.0/80.0) 68/313 (17.6/82.4) 0.689 0.407
Fasting blood glucose (mmol/L) 8.48 ± 2.77 5.34 ± 0.55 21.591 <0.001
2h blood glucose (mmol/L) 15.34 ± 5.29 6.29 ± 1.92 29.007 <0.001
Systolic blood pressure (mmHg) 138.301 ± 21.07 133.85 ± 19.96 -2.969 0.003
Diastolic blood pressure (mmHg) 87.49 ± 13.07 82.82 ± 13.27 -4.865 <0.001
Total cholesterol (mmol/L) 5.08 ± 1.15 5.03 ± 2.76 -0.332 0.740
Triglyceride (mmol/L) 2.33 ± 2.36 1.44 ± 1.03 6.659 <0.001
Low-density lipoprotein cholesterol (mmol/L) 3.20 ± 0.90 3.17 ± 0.96 -0.530 0.596
High-density lipoprotein cholesterol (mmol/L) 1.24 ± 0.54 1.40 ± 0.67 -3.452 0.001
Hypertension, Y/N (%) 157/214 (42.3/57.7) 140/241 (36.7/63.3) 2.466 0.116
Dyslipidemia, Y/N (%) 235/136 (63.5/36.5) 201/180 (52.8/47.2) 8.921 0.003
February 202
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T2DM, type 2 diabetes mellitus.
TABLE 2 | Association of miRNA polymorphisms with type 2 diabetes mellitus.

Genotype Crude models Adjusted models

OR(95%CI) P value OR(95%CI)a P value

miR-133a-1 rs8089787
CT vs CC 0.90(0.63, 1.27) 0.540 0.91(0.64, 1.29) 0.583
TT vs CC 1.00(0.32, 3.15) 0.995 1.05(0.33, 3.32) 0.929
CT+TT vs CC 0.90(0.64, 1.27) 0.558 0.91(0.65, 1.29) 0.603
miR-133a-2 rs13040413
CT vs CC 1.26(0.92, 1.75) 0.152 1.27(0.92, 1.76) 0.145
TT vs CC 2.19(1.10, 4.38) 0.026 2.18(1.09, 4.36) 0.028
CT+TT vs CC 1.38(1.01, 1.87) 0.041 1.38(1.02, 1.87) 0.040
let-7a-1 rs13293512
TC vs TT 1.35(0.97, 1.88) 0.074 1.34(0.97, 1.88) 0.080
CC vs TT 1.61(1.06, 2.44) 0.026 1.61(1.06, 2.44) 0.026
TC+CC vs TT 1.42(1.04, 1.93) 0.028 1.41(1.04, 1.93) 0.029
let-7f rs10877887
TC vs TT 1.22(0.90, 1.66) 0.197 1.21(0.89, 1.65) 0.219
CC vs TT 0.83(0.52, 1.31) 0.414 0.82(0.52, 1.30) 0.404
TC+CC vs TT 1.12(0.84, 1.49) 0.442 1.11(0.83, 1.48) 0.467
miR-27a rs895819
AG vs AA 1.26(0.93, 1.71) 0.138 1.26(0.93, 1.71) 0.134
GG vs AA 1.27(0.72, 2.23) 0.408 1.26(0.72, 2.22) 0.421
AG+GG vs AA 1.26(0.94, 1.68) 0.116 1.26(0.94, 1.68) 0.117
aORs and 95%CI and corresponding P values were calculated by logistic regression analysis adjusted by sex, age, smoking, drinking, hypertension, and dyslipidemia; OR, odds ratio;
CI, confidence interval.
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statistical significance in HEK293T cell lines (Figure 1A). The
variant T allele showed a trend toward decreased miR-133a
expression in comparison with the wild C allele (0.76 ± 0.10 vs
0.99 ± 0.12, P = 0.065).
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DISCUSSION

Alterations in the miRNA involved in the insulin signaling
pathways play important roles in the pathogenesis of T2DM.
TABLE 3 | Stratified analysis of association between miRNA polymorphisms and type 2 diabetes mellitus.

Genotype Male Female ≥60 <60

OR(95%CI)a P value OR(95%CI)a P value OR(95%CI)b P value OR(95%CI)b P value

miR-133a-1 rs8089787
CT vs CC 0.76(0.45, 1.27) 0.289 1.05(0.65, 1.70) 0.850 1.31(0.70, 2.44) 0.402 0.74(0.48, 1.14) 0.165
TT vs CC 0.46(0.04, 5.07) 0.522 1.36(0.36, 5.19) 0.651 1.87(0.16, 21.35) 0.616 0.86(0.23, 3.26) 0.822
CT+TT vs CC 0.74(0.44, 1.23) 0.248 1.07(0.67, 1.71) 0.767 1.33(0.72, 2.45) 0.367 0.74(0.49, 1.13) 0.167
miR-133a-2 rs13040413
CT vs CC 1.29(0.82, 2.02) 0.274 1.21(0.76, 1.95) 0.424 1.26(0.79, 2.010) 0.336 1.20(0.76, 1.89) 0.436
TT vs CC 2.27(0.76, 6.76) 0.141 2.13(0.86, 5.27) 0.103 5.42(1.52, 19.30) 0.009 1.22(0.49, 3.05) 0.672
CT+TT vs CC 1.38(0.90, 2.13) 0.145 1.31(0.85, 2.04) 0.226 1.50(0.96, 2.33) 0.077 1.19(0.78, 1.83) 0.425
let-7a-1 rs13293512
TC vs TT 1.34(0.85, 2.11) 0.213 1.35(0.84, 2.17) 0.219 2.19(1.21, 3.97) 0.010 1.08(0.72, 1.60) 0.714
CC vs TT 1.87(1.03, 3.39) 0.040 1.38(0.76, 2.50) 0.287 2.40(1.37, 4.23) 0.005 1.25(0.76, 2.05) 0.375
TC+CC vs TT 1.47(0.95, 2.26) 0.084 1.36(0.87, 2.13) 0.179 3.20(1.42, 7.22) 0.002 1.12(0.77, 1.64) 0.545
let-7f rs10877887
TC vs TT 1.17(0.77, 1.80) 0.466 1.24(0.80, 1.93) 0.336 1.44(0.82, 2.51) 0.200 1.14(0.79, 1.65) 0.486
CC vs TT 0.70(0.36, 1.36) 0.290 1.01(0.52, 1.94) 0.988 0.99(0.40, 2.46) 0.986 0.82(0.48, 1.41) 0.472
TC+CC vs TT 1.05(0.70, 1.57) 0.808 1.18(0.78, 1.79) 0.429 1.34(0.79, 2.27) 0.282 1.05(0.75, 1.49) 0.764
miR-27a rs895819
AG vs AA 1.53(1.00, 2.34) 0.049 1.02(0.66, 1.58) 0.925 1.35(0.78, 2.34) 0.289 1.23(0.85, 1.77) 0.267
GG vs AA 1.50(0.69, 3.25) 0.308 1.01(0.44, 2.33) 0.977 4.92(1.01, 24.05) 0.049 0.95(0.50, 1.80) 0.874
AG+GG vs AA 1.59(1.07, 2.59) 0.039 1.02(0.67, 1.54) 0.942 1.53(0.90, 2.61) 0.119 1.17(0.83, 1.66) 0.366
February 2021 |
 Volume 11 | Article
aORs and 95%CI and corresponding P values were calculated by logistic regression analysis adjusted by age, smoking, drinking, hypertension, and dyslipidemia; bORs and 95%CI and
corresponding P values were calculated by logistic regression analysis adjusted by sex, smoking, drinking, hypertension, and dyslipidemia; OR, odds ratio; CI, confidence interval.
TABLE 4 | SNP-environmental factors interaction effects on type 2 diabetes mellitus.

Smoking (+) vs (-) Drinking (+) vs (-) Hypertension (+) vs (-) Dyslipidemia (+) vs (-)

OR(95%CI)a P value OR(95%CI)b P value OR(95%CI)c P value OR(95%CI)d P value

miR-133a-1 rs8089787
CT vs CC 1.26(0.63, 2.56) 0.514 0.78(0.36, 1.68) 0.524 1.08(0.47, 2.49) 0.857 0.73(0.26, 2.04) 0.550
TT vs CC 4.77(0.32, 70.74) 0.257 1.05(0.33, 3.30) 0.935 1.87(0.12, 29.59) 0.656 1.05(0.33, 3.30) 0.935
CT+TT vs CC 1.36(0.68, 2.69) 0.385 0.89(0.42, 1.89) 0.756 1.13(0.50, 2.53) 0.775 0.73(0.26, 2.01) 0.538
miR-133a-2 rs13040413
CT vs CC 1.02(0.54, 1.96) 0.946 1.42(0.70, 2.90) 0.333 1.82(0.86, 3.88) 0.120 0.87(0.38, 1.96) 0.730
TT vs CC 2.24(0.38, 13.14) 0.371 1.87(0.95, 3.67) 0.068 2.24(0.38, 13.14) 0.371 1.08(0.21, 5.46) 0.929
CT+TT vs CC 1.24(0.67, 2.29) 0.491 10.26(2.08, 50.56) 0.004 1.86(0.91, 3.82) 0.089 0.92(0.43, 1.97) 0.824
let-7a-1 rs13293512
TC vs TT 2.04(1.00, 4.17) 0.049 1.75(0.91, 3.39) 0.096 1.06(0.51, 2.20) 0.882 0.74(0.32, 1.75) 0.498
CC vs TT 2.58(1.00, 6.68) 0.051 1.93(1.03, 3.60) 0.040 0.67(0.27, 1.66) 0.382 1.00(0.33, 3.04) 0.997
TC+CC vs TT 2.15(1.09, 4.23) 0.027 2.56(1.09, 6.01) 0.030 0.93(0.47, 1.84) 0.828 0.80(0.35, 1.80) 0.583
let-7f rs10877887
TC vs TT 1.40(0.76, 2.58) 0.286 1.50(0.76, 2.97) 0.240 0.81(0.41, 1.61) 0.551 0.55(0.25, 1.21) 0.136
CC vs TT 1.74(0.69, 4.42) 0.241 2.33(0.81, 6.69) 0.116 1.11(0.38, 3.21) 0.850 1.46(0.46, 4.66) 0.520
TC+CC vs TT 1.46(0.82, 2.59) 0.202 1.64(0.86, 3.11) 0.134 0.88(0.46, 1.67) 0.689 0.69(0.33, 1.43) 0.318
miR-27a rs895819
AG vs AA 1.11(0.61, 2.05) 0.730 0.97(0.49, 1.91) 0.926 1.18(0.59, 2.34) 0.640 1.30(0.59, 2.84) 0.518
GG vs AA 2.38(0.74, 7.67) 0.147 0.77(0.21, 2.81) 0.695 2.86(0.79, 10.43) 0.111 0.79(0.20, 3.12) 0.738
AG+GG vs AA 1.26(0.70, 2.24) 0.442 0.93(0.49, 1.78) 0.833 1.37(0.72, 2.63) 0.340 1.18(0.57, 2.48) 0.656
aORs and 95%CI and corresponding P values were calculated by logistic regression analysis adjusted by age, sex, drinking, hypertension, and dyslipidemia; b, ORs and 95%CI and
corresponding P values were calculated by logistic regression analysis adjusted by age, sex, smoking, hypertension, and dyslipidemia; cORs and 95%CI and corresponding P values were
calculated by logistic regression analysis adjusted by age, sex, smoking, drinking, and dyslipidemia; d ORs and 95%CI and corresponding P values were calculated by logistic regression
analysis adjusted by age, sex, smoking, drinking, and hypertension; SNP, single nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
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SNPs in these miRNA may down-regulate or up-regulate
miRNA expression in T2DM (24). The present study focused
on the relation of SNPs of miRNA involved in the insulin
signaling pathways, miR-133a-1 rs8089787, miR-133a-2
rs13040413, let-7a-1 rs13293512, let-7f rs10877887, and miR-
27a rs895819, with T2DM, and the interaction effects of SNP-
SNP and SNP-environmental factors on T2DM, as well as the
Frontiers in Endocrinology | www.frontiersin.org 679
effect of the risk-associated polymorphism on regulating its
mature miRNA expression. To our knowledge, this is the first
to comprehensively report the issues.

Our findings revealed that miR-133a-2 rs13040413 and let-7a-1
rs13293512 were associated with increased T2DM risk. For
miR-133a-2 rs13040413, the variant T allele showed a trend
toward decreased miR-133a expression in comparison with the
A B

FIGURE 1 | The effect of rs13040413 and rs13293512 on miR-133a and let-7a expression. (A) The cell miR-133a expression by different miR-133a-2 rs13040413
plasmids. (B) The cell let-7a expression by different let-7a-1 rs13293512 plasmids. *P < 0.05. n.s., no significance.
TABLE 5 | SNP-SNP interaction effects on type 2 diabetes mellitus.

Genetic model OR(95%CI)a P value

miR-133a-2 rs13040413 × miR-133a-1 rs8089787 0.78(0.38, 1.62) 0.510
CT+TT vs CC CT+TT vs CC
miR-133a-2 rs13040413 × let-7a-1 rs13293512 1.00(0.51, 1.95) 0.997
CT+TT vs CC TC+CC vs TT
miR-133a-2 rs13040413 × let-7f rs10877887 1.42(0.77, 2.63) 0.265
CT+TT vs CC TC+CC vs TT
miR-133a-2 rs13040413 × miR-27a rs895819 0.84(0.45, 1.56) 0.581
CT+TT vs CC AG+GG vs AA
miR-133a-1 rs8089787 × let-7a-1 rs13293512 3.79(1.60, 8.41) 0.037
CT+TT vs CC TC+CC vs TT
miR-133a-1 rs8089787 × let-7f rs10877887 3.61(2.01, 5.38) 0.035
CT+TT vs CC TC+CC vs TT
miR-133a-1 rs8089787 × miR-27a rs895819 1.07(0.54, 2.13) 0.844
CT+TT vs CC AG+GG vs AA
let-7a-1 rs13293512 × let-7f rs10877887 0.87(0.46, 1.62) 0.654
TC+CC vs TT TC+CC vs TT
let-7a-1 rs13293512 × miR-27a rs895819 0.78(0.42, 1.47) 0.443
TC+CC vs TT AG+GG vs AA
let-7f rs10877887 × miR-27a rs895819 1.25(0.70, 2.22) 0.458
TC+CC vs TT AG+GG vs AA
February 2021 | Volume 11 | Article
aORs and 95%CI and corresponding P values were calculated by logistic regression analysis adjusted by age, sex, smoking, drinking, hypertension, and dyslipidemia; SNP, single
nucleotide polymorphism; OR, odds ratio; CI, confidence interval.
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wild C allele. For let-7a-1 rs13293512, the variant C allele expressed
a lower let-7a compared to the wild T allele. It has been suggested
that miR-133a can affect IGF1R and GLUT4 expression in the
insulin signaling pathways. Gong et al. verified that IGF1R gene is a
direct target of miR-133a using luciferase reporter assays (25). MiR-
133a can directly suppress the expression of IGF1R through
translational repression. Moreover, miR-133a has been reported
to act indirectly upon GLUT4 expression. MiR-133a can target the
Krueppel-like factor 15 (Klf15) mRNA, inhibiting this
transcriptional factor, which is an enhancer of GLUT4 expression,
thus leading to the reduction in GLUT4 expression and in insulin
stimulated glucose uptake (5). MiR-133a not only showed
differential expression in blood level of T2DM, but also in tissue
levels of T2DM complications, such as kidney, heart, sciatic nerve,
and skeletal muscle (26–29). MiR-133a-2 rs13040413 variant could
also increase levels of miR-133a (19). All the above contribute to the
underlying mechanisms of the association between miR-133a-2
rs13040413 and T2DM. With regard to let-7a-1 rs13293512, it
has been showed that the targets of let-7a is IGF1R, insulin receptor
substrate 2 (IRS2) and PI3K/AKT of insulin signaling pathways.
Exogenous expression of let−7a can suppress the expression of
IGF1R (30). Meanwhile, inhibition of let-7a is sufficient to enhance
the expression of IRS2 (31). Wang et al. has also showed that
transfection of let−7a mimics can lead to the inhibition of the PI3K/
AKT, and transfection of let−7a inhibitors may activate the PI3K/
AKT through the increase in PI3K and AKT levels (4). IGF1R, IRS2,
and PI3K/AKT are known to mediate both insulin signaling
pathways and insulin-induced cell dysregulations. As a functional
polymorphism, let-7a-1 rs13293512 can substantially reduce the
transcription activity of let-7, as well as directly upregulate IL-6
expression (17). The deep understanding of the potential
mechanisms will yield further insights into the relationship of let-
7a-1 rs13293512 and T2DM.

Additionally, in the stratified analyses, miR-133a-2
rs13040413, let-7a-1 rs13293512, and miR-27a rs895819 were
associated with increased T2DM risk in older subjects (age ≥ 60
years), suggesting that age effect was dominant cause of T2DM in
older subjects. Accumulated exposure to insulin disturbance
caused by these three SNPs and weak immune system were
expected in older subjects with T2DM. Let-7a-1 rs13293512 and
miR-27a rs895819 were associated with increased T2DM risk in
male subjects. Hormonal differences between males and females
may elucidate sex-specific variation in T2DM. There is evidence
to show bidirectional signaling cross-talk between let-7a, miR-
27a, and estrogen receptors (32, 33). A role for estrogen in the
regulation of glucose metabolism provides a potential biologic
explanation to our results (34).

Being a multifactorial disease, there might be complex
interactions between the risk allele and confounding factors in
T2DM. In our study, interaction effects on T2DM have been
demonstrated between miR-133a-2 rs13040413 or let-7a-1
rs13293512 and dyslipidemia. It has been showed that the
expression levels of miR-133a and let-7a were in a dysregulation
pattern under high lipid condition (35). Evidence also showed that
miR-133a and let-7a were also related to lipid accumulation (36,
37). Additionally, we observed there was interaction effect between
let-7a-1 rs13293512 and smoking on T2DM. Banerjee A. showed
Frontiers in Endocrinology | www.frontiersin.org 780
that let-7a was differentially expressed between the smoking and
nonsmoking subjects (38). Let-7a showed a correlation with
haemoglobin adduct biomarkers of tobacco exposure. Moreover,
besides miR-133a and let-7a, dyslipidemia and smoking have been
known as high risk factors of T2DM. Collectively, we assumed that
miR-133a and let-7a had cross-talk with dyslipidemia or smoking,
which could explain the phenomenon of interaction effects
between miR-133a-2 rs13040413 or let-7a-1 rs13293512 and
dyslipidemia or smoking on T2DM.

In our study, we also detected interaction effects of miR-133a-1
rs8089787 and let-7a-1 rs13293512 or let-7f rs10877887 on T2DM.
This phenomenon is defined as epistatic effect, which usually
accounts for missing or underestimated heritability when one
single gene is included in disease susceptibility (39). Likely, miR-
133a rs8089787 had no effect on T2DM. In contrast, miR-133a-1
rs8089787 and let-7a-1 rs13293512 or let-7f rs10877887 worked
together to generate interaction effects on T2DM. We assumed that
the functional effect of miR-133a, let-7a, and let-7f in the insulin
signaling pathway might account for the observed interaction effect.
As described above, miR-133a and let-7a were involved in the
insulin signaling pathway and the pathogenesis of T2DM. As for let-
7f, it has been reported that let-7f could target multiple key genes
related to insulin signaling pathway. Mellios et al. reported that let-
7f could inhibit IGF1 expression, and inhibition of let-7f could
significantly up-regulate levels of IGF1 mRNA (40). Hu et al.
showed that let-7f mimics suppressed IGF1R expression, and let-
7f inhibitors increased the expression level of IGF1R (3).
Furthermore, Wang et al. revealed that insulin-like growth factor
2 mRNA binding protein 1 (IGF2BP1) was potential target of let-7f.
Let-7f could suppress IGF2BP1 expression (41). Combined, any
genetic mutation in the insulin signaling pathway, like miR-133a-1
rs8089787, let-7a-1 rs13293512, and let-7f rs10877887, could
potentially alter the action of each other so as to influence insulin
function in pathogenesis of T2DM.

Several limitations of this study should be noted. First, the
sample size in this study was relatively small, which might
restrict the ability to explore weak genetic effect on T2DM.
Prospective studies consisting of larger-scale sample and
multicenter surveys are necessary to validate the findings of
miRNA polymorphisms on T2DM. Second, only miRNA
polymorphisms were included in this study. Further studies
should involve SNPs in the miRNA binding site of potential
targeted genes, which could deeply explored the SNP-SNP
interactions in miRNA regulatory pathways. Third, considering
the clinical significance of the study, the more comprehensive
functional and molecular experiments of the mentioned miRNA
polymorphisms on T2DM would be of great significance for
clinical practice and may be an important future direction.
CONCLUSIONS

This study, for the first time, investigated the relationships of
miRNA polymorphisms involving in insulin signaling pathways
and T2DM, and reported that miR-133a-2 rs13040413, let-7a-1
rs13293512, and miR-27a rs895819 were related to the
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susceptibility to T2DM in overall or stratified analyses in a
Chinese population. For miR-133a-2 rs13040413, the variant T
allele showed a trend toward decreased miR-133a expression in
comparison with the wild C allele. For let-7a-1 rs13293512, the
variant C allele expressed a lower let-7a compared to the wild T
allele. Novel interaction effects on T2DM were revealed among
miR-133a-2 rs13040413 with dyslipidemia, let-7a-1 rs13293512
with smoking, let-7a-1 rs13293512 with dyslipidemia, miR-
133a-1 rs8089787 with let-7a-1 rs13293512, and miR-133a-1
rs8089787 with let-7f rs10877887. Future large-scale studies and
more comprehensive mechanism experiments are required.
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Background: Serum ferritin (SF) has been correlated with one or more metabolic

syndrome features associated with an increased risk for cardiovascular disease (CVD).

This study explored the associations between SF and CVD risk factors among different

body size phenotypes that were based on metabolic status and body mass index

(BMI) categories.

Methods: A cross-sectional study was performed using a cohort of 7,549 Chinese

adults from the China Health and Nutrition Survey. Participants did not exhibit acute

inflammation, were not underweight and were stratified based on their metabolic status

and BMI categories. The metabolically at-risk status was defined as having two or

more criteria of the Adult Treatment Panel-III metabolic syndrome definition, excluding

waist circumference.

Results: Compared with individuals without high SF, subjects with high SF had

an increased risk of diabetes in the metabolically at-risk normal-weight (MANW)

and metabolically at-risk overweight/obesity (MAO) groups. The multivariate-adjusted

odds ratios (ORs) were 1.52 [95% confidence interval (Cls): 1.02, 2.28] and 1.63

(95% Cls: 1.27, 2.09), respectively. Adjusted ORs for hyperuricemia from high SF in

metabolically healthy normal-weight (MHNW), metabolically healthy overweight/obesity

(MHO), MANW, and MAO phenotypes were 1.78 (95% Cls: 1.26, 2.53), 1.42

(95% Cls: 1.03, 1.95), 1.66 (95% Cls: 1.17, 2.36), and 1.42 (95% Cls: 1.17,

1.73), respectively. Similarly, positive correlations of high SF with triglycerides,

non-high-density lipoprotein cholesterol, and apolipoprotein B100 were observed

in all phenotypes. No association between high SF and elevated low-density

lipoprotein cholesterol were observed among participants who were metabolically at-

risk, regardless of their BMI categories. However, the ORs for elevated low-density

lipoprotein cholesterol from high SF were 1.64 (95% Cls: 1.29, 2.08) in the MHNW

group and 1.52 (95% Cls:1.22, 1.91) in the MHO group, significantly. This study

demonstrated that the highest ORs were in MAO with a high SF group for all

unfavorable CVD risk factors except low-density lipoprotein cholesterol (all p < 0.001).
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Conclusions: The associations of high SF with the prevalence of CVD risk factors,

including diabetes, dyslipidemia, and hyperuricemia, vary in individuals among different

body size phenotypes. In the MAO group, subjects with high SF levels exhibited worse

CVD risk profiles than individuals without high SF.

Keywords: serum ferritin, iron overload, body mass index, metabolism, cardiovascular disease

INTRODUCTION

Serum ferritin (SF) is a storage protein that maintains excess
iron in a safe and bioavailable form and correlates linearly
with body iron stores (1). Accumulating evidence suggests that
there is a correlation between SF levels and one or more
metabolic syndrome characteristics (2–6), which are closely
linked to insulin resistance (IR) and imply an increased risk for
cardiovascular disease (CVD) (7–9). High SF in iron metabolism
has been proposed as a component of IR due to its influence
on insulin-producing cells as well as insulin-sensitive tissues
(2, 10). A prospective cohort study has shown that a significant
association between SF and metabolic disturbances remained
even after adjusting for homeostatic model assessment of
insulin resistance (HOMA-IR), which suggested that alternative
underlying mechanisms might exist (11). Another recent study
indicated that the SF level was significantly correlated with lipid
profiles, independent of hyperglycemia or IR, but the significance
of the associations of SF with diabetes and IR were weak or
absent after adjusting for dyslipidemia (12). Elevated uric acid
(UA) has also been reported to be associated with high SF
and metabolic disorders and might be a possible predictor of
CVD (13–15). Taken together, the strength of the correlations
between SF and cardiometabolic risk factors, such as diabetes,
dyslipidemia, and hyperuricemia, might vary due to metabolic
status (metabolically at-risk or healthy) and because of disparities
in their dependence on IR. Alternative mechanisms, in addition
to IR, might be involved. On the other hand, evidence suggests
that adipose tissue might play an important role in the process
of glucose and lipid metabolism influenced by iron status.
The CODAM study observed the association between adipose-
tissue IR and iron overload in healthy volunteers (16). An
experimental study in mice has reported that an iron-enriched
diet led to iron accumulation and IR in visceral adipose tissue
(17). Thus, concerning the relationships between SF and CVD
risk factors, the different body mass index (BMI) categories
(overweight/obesity or normal) and the metabolic status, must
be taken into account.

Abbreviations: ApoA1, apolipoprotein A1; ApoB, apolipoprotein B100; BMI,
body mass index; BP, blood pressure; CHNS, China Health and Nutrition Survey;
CIs, confidence intervals; CVD, cardiovascular disease; FIN, fasting insulin; FPG,
fasting plasma glucose; HDL-C, high density lipoprotein cholesterol; HOMA-
IR, homeostasis model assessment of insulin resistance; hs-CRP, hypersensitive
C-reactive protein; IR, insulin resistance; LDL-C, low density lipoprotein
cholesterol; MANW, metabolically at-risk normal-weight; MAO, metabolically
at-risk overweight/obesity; Met, metabolic status; MHNW, metabolically healthy
normal-weight; MHO, metabolically healthy overweight/obesity; ORs, odds ratios;
SF, serum ferritin; TC, total cholesterol; TG, triglycerides; non-HDL-C, non-high-
density lipoprotein cholesterol; UA, uric acid.

The potential implications of the concomitant presence of
metabolic status and BMI categories have triggered interest in
comparing these associations with future CVD risk. Individuals
were grouped into four different body size phenotypes,
including metabolically at-risk overweight/obesity (MAO),
metabolically at-risk normal weight (MANW), metabolically
healthy overweight/obesity (MHO), and metabolically healthy
normal weight (MHNW) (18, 19). Data showed that individuals
with MAO experienced the detrimental metabolic profiles
characterized by IR, hyperglycemia, hypertension, and
atherogenic dyslipidemia, and suffered from an increased
risk for CVD (18). Although the associations between the MHO
phenotype and cardiometabolic outcomes were not consistent
and definition dependent, it should not be considered as a benign
status due to its increased risk of metabolic alterations (19).

The correlations between high SF and CVD risk factors
mentioned above have not been well-established in different body
size phenotypes. The objective of this study was therefore to
determine the associations of SF with CVD risk factors according
to different body size phenotypes and to assess the combined
influence of an unfavorable SF, BMI, and metabolic status on the
prevalence of CVD risk factors.

MATERIALS AND METHODS

Study Design and Participants
The China Health and Nutrition Survey (CHNS) is an ongoing
prospective cohort survey that includes a total of 10 waves
from 1989 to 2015. For each wave, the survey followed a
stratified multistage, random cluster process to obtain samples
from the provinces and autonomous cities or districts that
included approximately half of the Chinese population and
significant variation in geography, economic development, and
health status. Details about the CHNS are available at http://
www.cpc.unc.edu/projects/china/home.html or elsewhere (20).
This survey was approved by the institutional review board of
the University of North Carolina at Chapel Hill, the National
Institute of Nutrition and Health, the China Center for Disease
Control and Prevention, and the Human and Clinical Research
Ethics Committee of China-Japan Friendship Hospital. Each
subject provided written informed consent.

Data relating to 8,704 participants aged 18 years or older
were selected from the CHNS 2009, since that was the 1st year
blood samples were available. The exclusion criteria included
pregnancy (n = 62), incomplete information on sex, weight,
height, blood pressure (BP), medical history of diabetes and
hypertension. We also excluded participants for whom data
were missing for one or more of the following values, SF, total
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cholesterol (TC), triglycerides (TG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-
C), apolipoprotein B100 (apoB), apolipoprotein A1 (apoA1),
UA, fasting plasma glucose (FPG), and fasting insulin (FIN)
(n = 251). This study also excluded 349 subjects who
exhibited hypersensitive C-reactive protein (hs-CRP) >10 mg/L,
which implied the presence of acute inflammation (21).
Subjects were categorized as underweight, normal weight, and
overweight/obese (with BMI < 18.5, 18.5–22.9, and ≥ 23 kg/m2,
respectively) in accordance with the World Health Organization
criteria for Asian people (22). All underweight individuals (n =

493) were removed from the study and a final number of 7,549
participants were included.

Measurements and Definitions
For each participant, information on age, gender, and medical
history of diabetes and hypertension were collected using a
structured questionnaire. The participants’ weight, height, and
resting BP were obtained following strict standard protocols.
The BMI was calculated as weight (kg) divided by height
squared (m2).

Blood samples were collected after an overnight fast.
The samples were preserved and analyzed at the national
central laboratory in Beijing with standardized protocols. The
biochemical parameters including FPG, UA, TC, TG, LDL-
C, and HDL-C were measured enzymatically using a Hitachi
7600 automated analyzer (Hitachi Inc., Tokyo, Japan). The
level of non-high-density lipoprotein cholesterol (non-HDL-C)
was calculated as TC minus HDL-C. Apolipoproteins and hs-
CRP were determined using the immunoturbidimetric method
(Randox Laboratories Ltd., Crumlin, UK and Denka Seiken Ltd.,
Niigata, Japan, respectively). SF and FIN concentrations were
assessed using radioimmunology (North Institute of Bio-Tech,
Beijing, China) via an XH-6020 gamma counter. HOMA-IR was
calculated as FIN (uIU/mL)× FPG (mmol/L)/22.5.

According to the metabolic syndrome definition of Adult
Treatment Panel-III and previous studies (18, 23), individuals
were classified as metabolically at-risk when they met two
or more of the following criteria: (1) Systolic/diastolic BP ≥

130/85 mmHg or taking antihypertensive medication. (2) FBG
≥ 5.6 mmol/l or taking antidiabetic medication. (3) HDL-C
< 1.0/1.3 mmol/L for men or women, respectively. (4) TG
≥ 1.7 mmol/L. The criterion of waist circumference was not
included due to its collinearity with BMI. Participants who met
one or no criterion were classified as metabolically healthy.
Based on combinations of metabolic status and BMI, subjects
were grouped into four different body size phenotypes, MHNW,
MHO, MANW, and MAO.

Elevated gender-specific SF levels were defined as SF ≥

the 75th percentile value (≥ 213.20/93.97 ug/L for men or
women, respectively), consistent with a definition published in a
previous study (24). Individuals were defined as having diabetes
if FBG was ≥ 7.0 mmol/L or were previously diagnosed (25).
Hypertension was defined as systolic/diastolic BP ≥ 140/90
mmHg or if it was previously diagnosed. Hyperuricemia was
defined as having a UA ≥ 6.0/7.0 mg/dL for men or women,
respectively (13, 26). Dyslipidemia was defined as TC ≥ 5.2

mmol/L, TG ≥ 1.7 mmol/L, HDL-C < 1.0/1.3 mmol/L for men
or women, respectively, LDL-C≥ 3.4 mmol/L, or non-HDL-C≥

4.1mmol/L, based on the 2016 Chinese Guideline for Adults (27).
The presence of unfavorable apolipoproteins was defined as apoB
≥ the 85th percentile value (≥ 1.17/1.19 g/L for men or women,
respectively), and apoA1 < the 15th percentile value (0.85/0.90
g/L for men or women, respectively) (28). The inflammation
status of participants was categorized as hs-CRP < 1, 1–3, and
4–10 mg/L (29).

Statistical Analysis
All statistical analyses were performed using SPSS 24.0 (SPSS
Inc., Chicago, IL, USA). Data distribution was determined using
the Kolmogorov-Smirnov test, and variables were described as
medians (interquartile range) or percentages, where appropriate.
Based on the cross-classification of the SF status within the four
body size phenotypes, the participants were categorized into
eight mutually exclusive groups. These specific groups included
MAO with or without high SF, MANW with or without high
SF, MHO with or without high SF, and MHNW with or without
high SF. Differences among the groups were identified using
Kruskal-Wallis one-way analysis for continuous variables and
Cochran-Mantel-Haenszel chi-square statistics for categorical
variables. When it was deemed necessary, a Bonferroni post-
hoc analysis was used for further multiple comparisons. Logistic
regression models were designed to determine the associations
of high SF with CVD risk profiles. Multivariable odds ratios
(ORs) and 95% confidence intervals (CIs) were adjusted for
age, sex, inflammation status (hs-CRP), and HOMA-IR. A bar
chart was constructed to delineate the concordance of the three
status (metabolically at-risk, overweight/obesity, and high SF)
within the whole population and samples with each unfavorable
CVD risk factor. Venn diagrams were used to visually display
the clustering of the three status in the accumulation of the
unfavorable CVD risk factors diabetes, hyperuricemia, and
dyslipidemia. Other logistic regression analyses were conducted
to evaluate the combined influences of the SF status and body
size phenotypes on CVD risk factors. A two-tailed P < 0.05 was
considered to be statistically significant.

RESULTS

Characteristics of Study Subjects
Stratified Based on SF Status and Body
Size Phenotypes
The prevalence of a high level of SF in the MHNW, MHO,
MANW, and MAO phenotypes was 15.9, 21.7, 31.2, and 37.6%,
respectively. Sex ratios did not present any significant difference
with respect to the SF status within the range of body size
phenotypes (P = 0.172). Individuals with high SF exhibited
higher UA, TG, TC, non-HDL-C, and apoB compared to subjects
without high SF in all body size phenotypes (Bonferroni post-
hoc analysis, P < 0.001). When subjects with and without
high SF were compared, participants with high SF showed
higher FBG for the MHO and MAO groups, higher LDL-
C for the MHNW and MHO groups, and lower HDL-C for
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the MANW group (Bonferroni post-hoc analysis P < 0.001).
Moreover, the differences in FPG, TG, LDL-C, and HDL-C
among individuals with and without high SF were significantly
influenced by their body size phenotype (P-value for the
interaction< 0.01). However, the systolic/diastolic BP and apoA1
showed no statistically significant relationship with the SF status
for any body size phenotypes (Bonferroni post-hoc analysis P >

0.05) (Table 1).

Clustering of Unfavorable SF, BMI, and
Metabolic Status
Figure 1 demonstrates the degree of coincidence for the
metabolically at-risk status overweight/obesity, and high SF. Of
the 7,549 participants, 71.04% were identified as having any of
the three status, and 10.41% exhibited all three simultaneously.
Similarly, this study found that the three status occurred together
in 33.39% of the diabetic participants. For individuals with other
unfavorable CVD risk factors, the proportion of participants that
exhibited the simultaneous presence of all three status ranged
from 12.84 to 25.05%, which was also higher than observed for
the total population.

Figure 2 depicts the degree of clustering for the metabolically
at-risk, overweight/obesity, and high SF status in the samples
with 0–3 items of the following CVD risk factors, diabetes,
hyperuricemia, and dyslipidemia. The degree of the simultaneous
presence of these three status in subjects with 0, 1, 2, and 3 of
the CVD risk factors was 3.3, 13.8, 27.4, and 52.4%, respectively.
The overlap between the status increased with the presence of
increased numbers of CVD risk factors.

Relationship Between SF and CVD Risk
Profiles Among the Body Size Phenotypes
The comparative ORs for high SF and CVD risk profiles for
each body size phenotype are shown in Table 2. The association
of high SF with diabetes was significant for the MANW and
MAO phenotypes. The multivariable-adjusted ORs were 1.52
(95% CI: 1.02, 2.28) and 1.63 (95% CI: 1.27, 2.09), respectively.
However, no significance was observed for the association of
high SF and diabetes for the MHNW and MHO groups (P >

0.05). Compared with individuals without high SF, subjects with
high SF exhibited an increased prevalence of hyperuricemia and
dyslipidemia (regarding TC, TG, non-HDL-C, and apoB) for all
body phenotypes. The adjusted ORs for hyperuricemia in the
MAO, MANW, MHO, and MHNW groups were 1.42 (95% CI:
1.17, 1.73), 1.66 (95% CI: 1.17, 2.36), 1.42 (95% CI: 1.03, 1.95),
and 1.78 (95% CI: 1.26, 2.53), respectively. Similar results were
obtained for dyslipidemia for all body size phenotypes (all P <

0.05) except TC (no significance was observed for high SF after
adjusting for age, sex, hs-CRP, and HOMA-IR in the MANW
group) (p = 0.076). There was a more prominent association
of high SF with the prevalence of unfavorable non-HDL-C for
the metabolically healthy status compared to metabolically at-
risk individuals with normal weights (P-value for the interaction
< 0.05). A high SF was associated with an elevated LDL-C only
in the MHNW group (OR: 1.64; 95% CI: 1.29, 2.08) and MHO
group (OR: 1.52; 95% CI: 1.22, 1.91). Subjects in this study

with a high SF did not exhibit significant ORs for unfavorable
systolic/diastolic BP, HDL-C, or apoA1 for any of the phenotypes
compared to participants without high SF (all P > 0.05).

Joint Effects of SF Levels and Body Size
Phenotypes on CVD Risk Profiles
The multivariable-adjusted ORs for CVD risk factors from
high SF, overweight/obesity, metabolically at-risk individuals,
and combined effects are presented in Table 3. FPG, UA,
TG, TC, LDL-C, non-HDL-C, and apoB were chosen for
further study based on their significant association with high
SF for at least one body size phenotype. Relative to the
MHNW without a high SF level, overweight/obesity, and high
SF subjects exhibited increased ORs for diabetes when the
subjects also were metabolically at-risk. However, if the subjects
were not metabolically at-risk, no association was observed
between being overweight/obese and having a high SF with a
prevalence of diabetes. The status of being metabolically at-
risk, overweight/obesity, and high SF increased the ORs for
hyperuricemia and dyslipidemia (including TG, TC, LDL-C,
non-HDL-C, and apoB). The highest ORs were observed in
the MAO with a high SF group for all unfavorable CVD risk
factors except LDL-C, and the increase in ORs was greater among
participants with high SF.

DISCUSSION

This study has described the characteristics of participants
classified according to SF status and body size phenotypes.
When compared to subjects without high SF, those with high SF
exhibited higher FBG in MHO and MAO groups, higher LDL-
C in MHNW and MHO groups, lower HDL-C in the MANW
group, and higher UA, TG, TC, non-HDL-C, and apoB in all
body size phenotypes. Significant associations were observed
for high SF with diabetes in MANW and MAO groups, with
unfavorable LDL-C in MHNW and MHO groups, and with
other dyslipidemia components (including TG, TC, non-HDL-
C, and apoB) and hyperuricemia for all phenotypes. This was
the first study to show the proportion of simultaneous presence
of the three status, metabolically at-risk, overweight or obese,
and high SF, which ranged from 12.84 to 33.39% in individuals
with unfavorable CVD risk factors. The clustering of the three
status increased with the accumulation of CVD risk factors. For
all unfavorable CVD risk factors except LDL-C, the highest ORs
were observed in MAO with a high SF group.

Although multiple epidemiological studies have reported
correlations between elevated SF levels and CVD risk factors
(4, 12, 13, 30, 31), the results are not entirely consistent. Sun
et al. found an independent association between elevated SF
and diabetes in a prospective study in a Chinese population
(31). Similar findings have been reported from prospective
cohort studies in Caucasian populations (32–34). The EPIC-
Norfolk cohort study established that modest increases in SF
could predict incident diabetes independent of confounding
factors, especially inflammation indexes (35). The EPIC Postdam
study demonstrated an association between SF and diabetic
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TABLE 1 | Characteristics of the study participants, stratified by serum ferritin status and body size phenotypes.

Metabolically healthy Metabolically at-risk Pa Pb

BMI < 23 kg/m2 BMI ≥ 23 kg/m2 BMI < 23 kg/m2 BMI ≥ 23 kg/m2

Without high SF With high SF Without high SF With high SF Without high SF With high SF Without high SF With high SF

N (%) 2186 (84.1) 414 (15.9) 1575 (78.3) 436 (21.7) 581 (68.8) 264 (31.2) 1307 (62.4) 786 (37.6) - -

Male, % 46.7 48.1 45.3 51.4 45.8 42 48.6 48 0.172 -

Age, years 44.8 (34.9, 56.5) 55.0 (41.7, 64.0) 47.2 (39.6, 56.7) 54.2 (44.0, 62.3) 55.1 (44.6, 66.4) 59.9 (52.9, 67.3) 53.5 (44.6, 62.9) 56.5 (46.7, 63.3) <0.001 -

BMI, kg/m2 21.0 (20.0, 21.9) 21.2 (20.0, 22.1) 25.0 (23.9, 26.6) 25.2 (24.0, 26.6) 21.4 (20.5, 22.2) 21.7 (20.5, 22.3) 25.9 (24.4, 28.0) 26.3 (24.6, 28.2) <0.001 -

SF, ug/L 53.3 (25.1, 87.7) 238.3 (131.1, 408.7) 57.9 (28.9, 91.5) 248.2 (136.9, 490.7) 66.2 (34.6, 100.3) 232.1 (136.6, 440.7) 70.5 (42.7, 111.1) 268.6 (155.2, 509.5) <0.001 -

SBP, mmHg 116.0 (108.0, 122.0) 120.0 (110.0, 126.0) 120.0 (110.0, 130.0) 120.0 (114.0, 130.0) 130.0 (120.0, 140.0) 130.0 (120.0, 141.0) 130.0 (120.0, 146.0) 130.0 (120.0, 146.0) <0.001 0.783

DBP, mmHg 76.0 (70.0, 80.0) 78.0 (70.0, 80.0) 80.0 (74.0, 84.0) 80.0 (74.0, 86.0) 80.0 (76.0, 90.0) 82.0 (78.0, 90.0) 86.0 (80.0, 90.0) 86.0 (80.0, 92.0) <0.001 0.952

FPG, mmol/L 4.87 (4.56, 5.21) 4.99 (4.62, 5.33) 4.94 (4.63, 5.28) 5.05 (4.69, 5.39) 5.64 (4.99, 6.06) 5.70 (5.04, 6.42) 5.63 (5.07, 6.21) 5.78 (5.25, 6.87) <0.001 < 0.001

UA, mg/dL 4.47 (3.63, 5.45) 4.97 (4.10, 5.85) 4.67 (3.78, 5.63) 5.13 (4.37, 6.23) 4.99 (4.08, 6.20) 5.60 (4.63, 6.71) 5.55 (4.48, 6.70) 6.03 (4.97, 7.24) <0.001 0.199

TG, mmol/L 0.91 (0.68, 1.23) 1.10 (0.84, 1,41) 1.09 (0.80, 1.44) 1.26 (0.99, 1.57) 1.85 (1.20, 2.59) 2.14 (1.61, 3.20) 2.10 (1.49, 2.92) 2.47 (1.83, 3.78) <0.001 < 0.001

TC, mmol/L 4.49 (3.93, 5.08) 4.85 (4.22, 5.52) 4.73 (4.17, 5.35) 5.16 (4.53, 5.78) 4.80 (4.24, 5.55) 5.09 (4.41, 5.90) 4.98 (4.36, 5.61) 5.31 (4.59, 6.04) <0.001 0.401

LDL-C, mmol/L 2.71 (2.20, 3.24) 3.01 (2.39, 3.97) 3.00 (2.49, 3.57) 3.29 (2.66, 3.98) 2.88 (2.27, 3.58) 2.95 (2.18, 3.75) 3.04 (2.43, 3.63) 3.08 (2.33, 3.83) <0.001 < 0.001

HDL-C, mmol/L 1.52 (1.32, 1.77) 1.51 (1.33, 1.76) 1.43 (1.24, 1.64) 1.44 (1.26, 1.65) 1.27 (1.09, 1.55) 1.20 (1.04, 1.43) 1.17 (1.00, 1.37) 1.14 (0.97, 1.35) <0.001 0.006

Non-HDL-C, mmol/L 2.91 (2.40, 3.46) 3.25 (2.69, 3.97) 3.28 (2.74, 3.84) 3.64 (3.07, 4.27) 3.49 (2.88, 4.16) 3.85 (3.14, 4.57) 3.77 (3.18, 4.36) 4.11 (3.46, 4.79) <0.001 0.790

ApoB, g/L 0.77 (0.64, 0.92) 0.86 (0.73, 1.05) 0.87 (0.73, 1.04) 0.96 (0.80, 1.14) 0.91 (0.76, 1.11) 0.99 (0.79, 1.21) 0.99 (0.82, 1.16) 1.03 (0.86, 1.24) <0.001 0.065

ApoA1, g/L 1.14 (1.0, 1.33) 1.17 (1.01, 1.34) 1.10 (0.97, 1.27) 1.13 (0.96, 1.29) 1.08 (0.94, 1.27) 1.08 (0.93, 1.30) 1.02 (0.88, 1.21) 1.01 (0.87, 1.21) <0.001 0.447

Hs-CRP, mg/L 1.0 (0.0, 1.0) 1.0 (0.0, 2.0) 1.0 (1.0, 2.0) 1.0 (1.0, 3.0) 1.0 (0.0, 2.0) 2.0 (1.0, 3.0) 2.0 (1.0, 3.0) 2.0 (1.0, 4.0) <0.001 0.007

HOMA-IR 1.87 (1.33, 2.61) 1.88 (1.36, 2.64) 2.22 (1.59, 3.20) 2.57 (1.84, 3.61) 2.74 (1.84, 4.09) 2.78 (1.84, 4.98) 3.32 (2.29, 5.42) 3.90 (2.54, 6.72) <0.001 0.05

Data are median (interquartile range).
aP represents the difference across SF status within body size phenotypes, bP for interaction terms (SF status × body size phenotypes) were assessed by generalized linear models.

BMI, body mass index; SF, serum ferritin; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; UA, uric acid; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol;

HDL-C, high-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; ApoB, apolipoprotein B100; ApoA1, apolipoprotein A1; Hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, homoeostasis model

assessment of insulin resistance.

F
ro
n
tie
rs

in
P
u
b
lic

H
e
a
lth

|w
w
w
.fro

n
tie
rsin

.o
rg

F
e
b
ru
a
ry

2
0
2
1
|
V
o
lu
m
e
9
|A

rtic
le
5
5
0
0
1
1

87

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Zhou et al. Serum Ferritin and Cardiometabolic Profiles

FIGURE 1 | The clustering of the three status (metabolically at-risk, overweight/obesity, and high serum ferritin) in the entire study population and samples with

unfavorable risk factors for cardiovascular disease. Each sample was grouped based on the presence of three status and the presence of one or two status. SBP,

systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; UA, uric acid; TG, triglycerides; TC, total cholesterol; LDL-C, low-density

lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein cholesterol; ApoB, apolipoprotein B100; ApoA1,

apolipoprotein A1.

risk independent of biomarkers for hepatic fat accumulation,
insulin resistance, and dyslipidemia (36). On the other hand,
in the ARIC Study, Jehn et al. found that the significant
association between SF and the incidence of diabetes was lost
after the data were adjusted for BMI and metabolic syndrome
components (37). The majority of studies have established
associations between SF and CVD risk factors, as well as the
predictive value of SF for risk. Nevertheless, few reports have
explained whether or how the relationships have been influenced
by the patient’s metabolic status or BMI category. This study
extended these previous findings by investigating associations
based on body size phenotypes and evaluating the separate and
combined associations of high SF, overweight/obesity, and those
who are metabolically at-risk with CVD risk profiles. Notably,
the associations of high SF with the prevalence of diabetes,
dyslipidemia, and hyperuricemia varied among individuals

within different body size phenotypes. The coincidence of all
three status had the strongest associations with unfavorable CVD
risk profiles except LDL-C.

Several mechanisms that form the basis for the relationship
between SF and diabetes have been demonstrated. IR, as
measured using the euglycemic-hyperinsulinemic clamp, has
been correlated with body iron stores (10). Other studies
have proposed that an iron overload, as reflected by an
elevated SF likely induced IR through disturbing inhibition
of hepatic glucose production by insulin, and insulin actions
in adipose and muscle tissue (38). Furthermore, studies have
confirmed the role of hepatic hormones and adipokines in
inducing IR. Data from experiments with mice have shown
that hepcidin, a key mediator of iron metabolism, could be
up regulated by iron and activate the Jak2/STAT3 pathway,
which in turn, induced production of suppressor of cytokine
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FIGURE 2 | Venn diagrams visually display how the three status (metabolically at-risk, overweight/obesity, and high serum ferritin) cluster together in the samples

within 0–3 of the CVD risk factors, diabetes, hyperuricemia, and dyslipidemia, from the CVD risk profiles. (A) Venn diagram showing the clustering of the three status in

subjects who did not exhibit any of the CVD risk factors. (B) Venn diagram showing the clustering of the three status in subjects who exhibited one of the CVD risk

factors. (C) Venn diagram showing the clustering of the three status in subjects who exhibited two of the CVD risk factors. (D) Venn diagram showing the clustering of

the three status in subjects who exhibited all three of the CVD risk factors. Met, metabolically at-risk; BMI, overweight/obesity; SF, high serum ferritin; CVD,

cardiovascular disease.

signaling-3, which is an inhibitor of insulin signaling (17). Several
other studies have demonstrated that induced downregulation
of adiponectin, leptin, and upregulation of resistin via iron
accumulation were causally related to IR (39). Excess iron in
specific tissues may play a direct role in diabetes through other
mechanisms, including oxidative stress, nitric oxide signaling,
and inflammatory cytokines (40). It is worth noting that, in this
study, a significant association between SF and diabetes only

existed in subjects with a metabolically at-risk status, regardless
of the BMI categories. Pancreatic β cells are particularly sensitive
to oxygen radicals. Thus, the antioxidant property of SF is the
potential reason for increased SF in β cells. The iron overload
is not so severe as to induce the rapid apoptosis of β cells as
seen with dysmetabolic-based iron overload, but it might have
increased glucose levels by promoting β cell failure and reducing
insulin synthesis and excretion (41). Although IR and β cell
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failure contribute to overt diabetes in subjects with iron overload,
it is known that metabolic disorders develop from an early stage
that precedes β cell deficiency (38). Thus, iron overload might
affect the development of diabetes that was tightly linked to a
metabolically at-risk status. The present results from the adjusted
model were stably independent of hs-CRP and HOMA-IR in
metabolically at-risk subjects, which implied the inevitable role of
β cell failure in the relationship, although residual confounding
was still possible.

Similarly, the association between high SF and hyperuricemia
was not entirely explained by IR or chronic low-grade
inflammation since it was still significant after the adjustments
for HOMA-IR and hs-CRP in all four phenotypes. Except for
the induction of elevated UA synthesis by IR (42) and decreased
UA excretion (43, 44), xanthine oxidase, a key enzyme in purine
metabolism and UA production, has been hypothesized to be
responsible for the association between SF and hyperuricemia.
Studies have reported that iron overload was followed by
elevation and activation of xanthine oxidase in vivo and in
vitro, and tumor necrosis factor-α, interleukin-1, and interleukin-
6, which are induced by oxidative stress, take part in the
process (45, 46). As a major antioxidant, UA impedes oxidation
reactions catalyzed by iron via forming a UA-Fe3+ complex,
and inactivation of antioxidant enzymes such as superoxide
dismutase, thus, it is a protective response to iron overload (47).
Therefore, it appears that high SF is independently associated
with hyperuricemia regardless of the BMI or metabolic status of
the subject.

Inconsistencies have been observed for the links between
iron overload and dyslipidemia, based on different samples. In
a study of adolescents in Korea, positive correlations between
SF and TC, LDL-C, and TG only occurred in boys, while a
negative association between SF and HDL-C was observed for
both genders (48). Other data from young non-obese adults
in Korea showed the significant associations of SF with TG
and HDL-C only for women (49). In both sexes of a Chinese
population, SF was associated with lipid parameters (including
TC, LDL-C, TG, and HDL-C) independent of diabetes and
IR (12). The previous study using the same cohort confirmed
positive correlations of SF with dyslipidemia and unfavorable
lipid ratios, especially apoB and non-HDL-C, independent of
HOMA-IR (50). Notably, apoB and non-HDL-C are proven
independent risk factors for CVD (51). This study extended
previously reported results by exploring how such associations
performed in different body size phenotypes. It appears that SF
was associated with abnormal TG, TC, non-HDL-C, and apoB
in all phenotypes. The first proposed mechanism was that iron
induced hyperinsulinemia and IR, which in turn contributed
to unfavorable TG, LDL-C, TC, and non-HDL-C, and hepatic
IR accelerated the synthesis and secretion of apoB through
protein-tyrosine phosphatase 1B (52). However, the associations
remained significant regardless of the subject’s BMI or metabolic
status after adjustment for age, sex, hs-CRP, and HOMA-IR.
Therefore, alternative underlying mechanisms, except for IR
and chronic low-grade inflammation, need to be considered.
Studies using in vivo rat models suggested reactive oxygen
species generated by iron could decrease fatty acid oxidation T
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TABLE 3 | Odds ratios (95% confidence intervals)a for joint associations of the SF status and body size phenotypes with the cardiovascular disease risk factors.

MHNW MHO MANW MAO

FPG ≥ 7.0 mmol/L

Without high SF 1 1.55 (0.84, 2.86) 9.97 (5.93, 16.77) 11.55 (7.15, 18.68)

With high SF 1.44 (0.57, 3.63) 1.58 (0.68, 3.63) 15.49 (8.90, 26.97) 18.89 (11.60, 30.78)

UA ≥ 7.0/6.0 mg/dL (men/women)

Without high SF 1 1.48 (1.17, 1.88) 2.77 (2.09, 3.67) 4.54 (3.66, 5.63)

With high SF 1.78 (1.26, 2.52) 2.09 (1.53, 2.87) 4.66 (3.35, 6.49) 6.50 (5.15, 8.21)

TG ≥ 1.7 mmol/L

Without high SF 1 1.91 (1.52, 2.41) 28.12 (21.89, 36.11) 37.71 (30.26, 46.98)

With high SF 2.22 (1.58, 3.14) 3.06 (2.25, 4.17) 50.35 (35.98, 70.46) 72.45 (55.61, 94.38)

TC ≥ 5.2 mmol/L

Without high SF 1 1.43 (1.23, 1.66) 1.63 (1.33, 2.00) 1.88 (1.61, 2.21)

With high SF 1.67 (1.33, 2.10) 2.88 (2.31, 3.58) 2.20 (1.68, 2.89) 3.07 (2.55, 3.68)

LDL-C ≥ 3.4 mmol/L

Without high SF 1 1.65 (1.42, 1.92) 1.41 (1.15, 1.75) 1.53 (1.30, 1.80)

With high SF 1.66 (1.31, 2.10) 2.49 (1.99, 3.11) 1.42 (1.07, 1.89) 1.67 (1.38, 2.02)

Non-HDL-C ≥ 4.1 mmol/L

Without high SF 1 1.86 (1.53, 2.27) 3.17 (2.50, 4.02) 4.24 (3.50, 5.13)

With high SF 2.41 (1.82, 3.19) 3.51 (2.72, 4.52) 4.73 (3.52, 6.35) 7.65 (6.20, 9.43)

ApoB ≥ 1.17/1.19 g/L (men/women)

Without high SF 1 2.17 (1.71, 2.75) 3.21 (2.42, 4.25) 3.96 (3.15, 4.98)

With high SF 1.85 (1.29, 2.64) 3.82 (2.85, 5.13) 5.33 (3.83, 7.40) 5.63 (4.40, 7.20)

aAdjusted for age, sex, high-sensitivity C-reactive protein and homoeostasis model assessment of insulin resistance.

MHNW, metabolically healthy normal weight; MHO, metabolically healthy overweight/obese, MANW, metabolically at-risk normal weight; MAO, metabolically at-risk overweight/obese;

SF, serum ferritin; FPG, fasting plasma glucose; UA, uric acid; TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; Non-HDL-C, non-high-density lipoprotein

cholesterol; ApoB, apolipoprotein B100.

and enhance lipid transportation via suppressed expression of
peroxisome proliferator-activated receptor-α and downstream
genes (Nrf1, cpt-1α), which promoted hypercholesterolemia
and hypertriglyceridemia (53, 54). Also, the up-regulation of
microsomal triglyceride transfer protein in iron overloaded
rats, which accelerated the processes of apoB production and
lipid delivery to the apoB-containing lipoprotein particles, was
causally related to the increased levels of apoB, TC, and TG
(54, 55). Interestingly, in this study, high SF was associated with
elevated LDL-C only in the MHNW and MHO phenotypes,
and the associations of high SF with LDL-C and non-HDL-C
were more pronounced in the MHNW phenotype compared
to subjects with the MANW phenotype. This observation
suggested that there were differences in the degree of influence
of iron overload and having a metabolically at-risk status on
unfavorable LDL-C and non-HDL-C. When a metabolically at-
risk status played a more prominent role than iron overload,
the iron overload might lose its significance in the relationship
with unfavorable LDL-C and non-HDL-C in subjects who
were metabolically at-risk. However, few previous studies have
examined these underlying mechanisms with respect to this
difference. Additional experimental explorations of mechanisms
and epidemiological surveys using larger samples should be
performed to assess these complex associations.

Although metabolically at-risk participants exhibited higher
ORs for unfavorable UA, TG, non-HDL-C, and apoB compared

with those with high SF, the presence of high SF was associated
with worse CVD risk profiles within the same metabolic
status. Clustering of all three status, metabolically at-risk,
overweight/obesity, and high SF, had the strongest associations
with glycemia, UA, and most lipid profiles. The overlap among
the three status increased with the accumulation of CVD risk
factors, which might help to identify the high-risk groups earlier.
The fact that being metabolically at-risk, overweight/obese, and
having high SF have synergistic associations with CVD risk
factors suggests that reducing iron overload could be a potential
target for the prevention of CVD in subjects with high risk.
On the other hand, this study reported considerable dissociation
between the three statuses. It is known that elevated BMI
is related to the occurrence of insulin resistance and pro-
inflammation; BMI can provide a general indication of obesity,
but it does not easily distinguish adipose tissue distribution
among visceral, ectopic, or subcutaneous accumulation (55).
Individuals determined to be metabolically at-risk have been
associated with visceral or ectopic adipose tissue distributions
and a higher proportion of small adipose cells (56, 57). Therefore,
exploring how these three statuses cluster together, and their
unique mechanisms of action, could contribute to reducing the
adverse effects of each status and scattering them as well.

There are several limitations in this study. First, a cross-
sectional study design was not sufficient in drawing any
conclusions about causal relationships. Second, a standard 75 g
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oral glucose tolerance test was difficult to perform in this
large-scale population-based survey, Therefore, it is likely that
the prevalence of diabetes was underestimated. The use of a
calculated HOMA-IR to assess IR was also a limitation.

CONCLUSIONS

The associations of high SF with the prevalence of CVD risk
factors, including diabetes, dyslipidemia, and hyperuricemia,
vary in individuals with different body size phenotypes. The
various synergistic associations of high SF, metabolically at-
risk, and overweight/obesity with CVD risk profiles suggest that
specific strategies to ensure that the clustered status diverge could
be particularly beneficial to prevent CVD.
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Objective: This study is aimed to explore the potential association among the estrogen

receptor alpha (ESRα) promoter methylation, lipid metabolism and the risk of type 2

diabetes mellitus (T2DM).

Methods: A total of 1143 rural residents were recruited randomly from Henan Province,

China. The circulating methylation levels in ESRα promoter region were determined

by quantitative methylation-specific polymerase chain reaction. Serum high density

lipoprotein cholesterol (HDL-C), low density lipoprotein cholesterol (LDL-C), triglyceride

(TG), total cholesterol (TC) and fasting plasma-glucose (FPG) were measured.

Results: The ESRα promoter methylation levels were negatively associated with HDL-C

levels whether gender stratification was performed (P < 0.05) and positively correlated

with LDL-C in men (P < 0.05). Each unit standard deviation (SD) increment in TG

was associated with a 43% increase (95% CI: 1.25, 1.64) in the risks of T2DM in all

participants, a 36% increase (95% CI: 1.13, 1.64) in the risks of T2DM in men and a

49% increase (95% CI: 1.21, 1.83) in the risks of T2DM in women. Furthermore, each

SD increment in HDL-C was associated with a reduction of 25% (OR = 0.75, 95%

CI: 0.58, 0.97) in the risks of T2DM in men, and the risk of T2DM in men may be more

susceptible to HDL-C than that in women (P for interaction < 0.05). Additionally, we

found that the risk of T2DM in participants with lower methylation levels (≤4.07%) were

more susceptible to HDL-C (P for interaction < 0.05).

Conclusions: These findings suggested that lipid metabolism was associated with

ESRα promoter methylation levels and the risk of T2DM. Besides, the levels of ESRα

promoter methylation and gender can modify the association of HDL-C and T2DM.

Keywords: estrogen receptor alpha, DNA methylation, lipid metabolism, diabetes mellitus, farmers
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BACKGROUND

Type 2 diabetes mellitus (T2DM) poses a worldwide public
health problem with a continuously increasing prevalence in
both developing and developed countries (1–3). More than
half of patients with T2DM suffer from dyslipidemia (4).
Diabetic dyslipidemia is mainly a mixed dyslipidemia with
higher triglycerides (TG) and low density lipoprotein cholesterol
(LDL-C), and lower of high density lipoprotein cholesterol
(HDL-C) which can be observed before the onset of diabetes
(5–7). The use of lipid-lowing therapy can improve lipid
metabolism and prevent T2DM (8). Consequently, exploring the
molecular mechanisms underlying abnormal lipid metabolism
and T2DM pathogenesis is critical to develop therapeutic
strategies for T2DM.

Several evidences indicate that estrogens can regulate lipid
metabolism and protect mouse from β-cell apoptosis (9, 10).
Estrogens deficiency can contribute to metabolic dysfunction,
and then cause obesity and insulin resistance (11, 12).
Additionally, the estrogens therapy has been revealed to have
various beneficial effects by decreasing fasting glucose, increasing
insulin sensitivity and secretion and reduce T2DM incidence in
postmenopausal women (13, 14). Notably, the metabolic effects
of estrogens aremediated by estrogen receptor alpha (ESRα) (15).
Animal studies revealed that mice were more resistant to insulin
after ESRα knockout (11). Furthermore, Ribas et al. (16) found
that ESRα deficiency can increase fasting insulin levels, impairs
glucose tolerance and results in skeletal muscle insulin resistance.
As an important epigenetic modification, DNA methylation is a
key regulator of gene expression. Additionally, the methylation
of ESRα promoter is reported to reduce the expression of
ESRα (17). Furthermore, abnormal DNA methylation were
found to be associated with lipid metabolism disorders (17, 18).
However, whether the alteration of ESRα promoter methylation
affects human lipid metabolism and the risk of T2DM has not
been explored.

Given these, in this study, we conducted a cross-sectional
study in rural areas of Henan Province, and recruited 1,143
Chinese farmers to identify the association of ESRα promoter
methylation, lipidmetabolism and T2DM.With the development
of targeted interventions for DNA methylation (19), this study
can provide a theoretical basis for the screening of diabetes-
susceptible populations and future precision therapy.

METHODS

Study Participants
A cross-sectional study was conducted in Wuzhi County of
Henan Province in China by random sampling in 2013.
Participants were excluded as the following: (1) people with
type 1 diabetes; (2) secondary diabetes (drug-induced, chemical-
induced, exocrine pancreatic insufficiency, and genetic defects);
(3) gestational diabetes and rare forms of diabetes. Finally, a total

Abbreviations: ESRα, estrogen receptor alpha; T2DM, type 2 diabetes mellitus;
HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol; TG, triglyceride; TC, total cholesterol; FPG, fasting plasma-glucose.

of 1,143 local permanent residents were recruited in this study.
The project was approved by the Institutional Review Board at
Zhengzhou University. All participants were informed of the
purpose of the study and provided written informed consent.

Outcome Variable
The diagnostic testing for T2DM was performed according to
the criteria of World Health Organization (1999) (20) and the
guidelines of American Diabetes Association (2002). All the
nondiabetic people had normal glucose tolerance after an oral
glucose tolerance test (OGTT).

Sampling and Data Collection
Trained investigators conducted a face-to-face interview with
each participant using a standard questionnaire for obtaining
information of demographic characteristics including age,
gender, economic status, educational level, dietary habits and
lifestyle (smoking and drinking, salt intake, physical activity, et,
al). Among participants, those who had smoked at least 100
cigarettes in their lifetime were defined as “smoking”; those
consuming any drink containing alcohol more than 12 times
during the past 12 months were defined as “drinking.” A total
of 10mL fasting blood samples (5ml of anticoagulative and 5ml
of non-anticoagulative) were collected from each participant.
Serum samples were isolated from non-anticoagulative blood
after centrifugation (3,000 rpm for 15min) at 4◦C and frozen at
−80◦C for subsequent analyses.

Measurement of Biochemical Parameters
The concentration (mmol/L) of HDL-C, LDL-C, TG, total
cholesterol (TC) and FPG in serum samples were measured
with direct method of catalase clearance, direct method
of surfactant removal, glycerol phosphate oxidase-peroxidase
(GPO-PAP), cholesterol oxidase-peroxidase (GHOD-PAP) and
glucose oxidative method, respectively (21). Finally, 120 serum
samples were randomly selected for repeated measurements. All
analyses were run on an automatic biochemical analyzer (Kehua
Bio-engineering Co., Ltd, Shanghai, China).

Measurement of ESRα Promoter
Methylation
The genomic DNA was extracted from whole blood samples
using a BioTeke Magnetic beads kit (Bioteke Crporation, Beijing,
China). The concentration of DNA samples was measured
using a Nanodrop ND-2000 spectrophotometer (Thermo, MA,
USA). Subsequently, the genomic DNA were treated with
sodium bisulfite using an EZ DNA Methylation-Gold kit (Zymo
Research, CA, USA). The putative promoter sequences of ESRα

the sequence of the gene promoter region assumed to be 2,000
bp upstream from the ESRα start codon (22)] were obtained
from UCSC/Ensembl, and then primer sequences (methylated
specific primers: L, 5′-CGT AGG TTT ACG GTT AGA TCGG-
3′; R, 5′-ATA CAA TAA CAT CAA CGA ACT CGAA-3′;
unmethylated specific primers: L, 5′-ATG GTT AGA TTG
GTT TTT TTT TAGG-3′; R, 5′-ACA TCA ACA AAC TCA
AAA ACA CACT-3′) were designed using the methylation
primer design software (Methyl Primer Express v1.0). The ESRα

Frontiers in Public Health | www.frontiersin.org 2 March 2021 | Volume 9 | Article 57813496

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Zhou et al. ESRα-Methylation, Diabetes and Lipid Metabolism

methylation level was analyzed using quantitative methylation-
specific PCR on aMX3000P real-time PCR system (Aglient, Santa
Clara, CA, USA). PCR amplification was performed in a 15 µl
reaction mixture contained 5.5 µl of diluted DNA template (100
ng), 7.5 µl of 2 × Power SYBR Green PCR Master Mixture
(CWBIO, Beijing, China), 2 µl of primer with a concentration
of 1.25 µmol/L each. The PCR cycling parameters were as
follows: 95◦C for 10min; 40 cycles for degeneration at 94◦C
for 15 s, annealing at 54◦C for 30 s, and extension at 72◦C for
30 s. Two negative controls (replace the DNA template with
ddH2O) were set for each plate. The level of DNA methylation
was calculated according to the formula: [1/(1+2−1Ct)]×100%,
where 1Ct =Ct(unmethylated)–Ct(methylated) (23). Ct is
the threshold of PCR cycle number at which the increase in
fluorescent signal reaches a critical point. Each sample was
analyzed in duplicate.

Statistical Analysis
The Student’s t-test, Wilcoxon test and Chi-square test were used
to analyze the differences in normal/near-normal characteristics,
other continuous variables and categorical variables between
participants in T2DM group and non-diabetic group. We then
utilized linear regression model to exam the association between
ESRα methylation level and lipid metabolism. Besides, the
association between T2DM and lipid metabolism (as well as
ESRα methylation level) were estimated using binary logistic
regression model. The linear trends across increasing quartiles of
ESRα methylation level and lipid metabolism were estimated by
treating the median of each quartile as a continuous variable. The
quartiles of ESRα methylation and lipid metabolism are shown
in Supplementary Table 1. After stratifying the participants
according to the median of ESRα promoter methylation level,
we analyzed the interactive effect of ESRα methylation and lipid
metabolism on the risk of T2DM by adding an interaction term
“ESRα methylation ∗ lipid metabolism” to the logistic regression
model. In addition, we performed other interactive analyses
by adding an interaction term (“ESRα methylation∗gender” or
“lipid metabolism∗gender”) to each models. According to the
characteristics of the participants and the previous reports, we
adjusted a variety of potential confounding variables (including
age, gender, BMI, educational level, smoking, drinking and
household income) in this study.

All statistical analyses were performed by SPSS 22.0 (IBM
Corp, Armonk, NY, USA). The P-values < 0.05 were considered
statistically significant.

RESULTS

Distribution of Variables in Different Groups
The characteristics of the 1,143 residents are summarized in
Table 1. As compared to the non-diabetic group, the T2DM
group have a lower proportion of men/women, drinking and
vegetables intake (≥500 g/day), and a higher proportion of
illiteracy and family diabetes history (P < 0.05). Besides, the
average age, BMI, TG and TC in T2DM group were higher than
those in non-diabetic group (P < 0.05). The distributions of

TABLE 1 | Characteristics of participants in T2DM group and Nondiabetic groupa.

Characteristics T2DM group Nondiabetic

group

t/χ2/Z P

(n = 237) (n = 906)

Age (years) 57.58 ± 8.96 54.50 ±10.08 4.588 <0.001

Gender 6.195 0.013

Men 103 (43.5) 476 (52.5)

Women 134 (56.5) 430 (47.5)

BMI (kg/m2) 26.35 ± 3.70 25.62 ± 3.58 2.785 0.005

Education level 10.951 0.012

Illiteracy 51 (21.6) 121 (13.4)

Primary school 65 (27.5) 246 (27.2)

Junior high school 93 (39.4) 406 (44.9)

High school and above 27 (11.4) 131 (14.5)

Smoking 1.875 0.171

Yes 75 (31.6) 330 (36.4)

No 162 (68.4) 575 (63.6)

Drinking 6.040 0.014

Yes 34 (14.3) 195 (21.5)

No 203 (85.7) 711 (78.5)

Vegetables intake (g/day) 8.728 0.003

≥ 500 56 (23.7) 306 (33.8)

< 500 180 (76.3) 600 (66.2)

Household income (RMB/year) 0.826 0.662

<6,000 182 (76.8) 670 (74.0)

6,000–12,000 43 (18.1) 182 (20.0)

>12,000 12 (5.1) 54 (6.0)

Family diabetes history 5.869 0.015

Yes 52 (22.2) 140 (15.6)

No 182 (77.8) 760 (84.4)

ESRα methylation (%) 4.58 ± 2.22 4.53 ± 2.21 0.338 0.735

FPG (mmol/L) 8.65 (6.68, 10.99) 4.81(4.33, 5.34) 20.08 <0.001

TG (mmol/L) 2.28 ± 1.67 1.72 ± 1.29 4.746 <0.001

TC (mmol/L) 4.77 ± 1.05 4.58 ± 0.97 2.558 0.011

HDL-C (mmol/L) 1.22 ± 0.31 1.24 ± 0.30 0.653 0.514

LDL-C (mmol/L) 2.59 ± 0.83 2.59 ± 0.75 0.099 0.922

RMB, China Yuan.
aData are expressed as the mean ± SD or Median (P25, P75) for continuous variables

and n (%) for categorical variables.

household incomes, ESRα promoter methylation, HDL-C and
LDL-C are comparable between the two groups.

After stratifying the participants according to the tertiles of
age, we found that found that the levels of ESRα methylation,
FPG and LDL-C in the elderly were elevated (all P < 0.05). There
is no statistically significant difference in the levels of TG, TC,
HDL-C among different groups (Supplementary Table 2).

Association Between ESRα Methylation
Level and Lipid Metabolism
As shown in Table 2, the HDL-C level showed a downward
trend with the increase of the ESRα promoter methylation level
regardless of gender stratification (P for trend < 0.05). Besides,
we found that in the continuous analysis, the ESRα promoter
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TABLE 2 | Association between ESRα methylation and lipid metabolism.

ESRα methylation

(%)

Alla Menb Womenb P for interactionc

β (95% CI) P β (95% CI) P β (95% CI) P

TG (mmol/L)

Quartile 1 Reference Reference Reference

Quartile 2 −0.07(−0.31, 0.17) 0.580 −0.25(−0.63, 0.12) 0.185 0.17(−0.12, 0.46) 0.257

Quartile 3 0.27(0.02, 0.51) 0.037 0.01(−0.37, 0.35) 0.974 0.48(0.15, 0.81) 0.005

Quartile 4 −0.04(−0.26, 0.17) 0.007 −0.20(−0.55, 0.15) 0.262 0.06(−0.19, 0.31) 0.642

Trend test 0.907 0.511 0.759

Increase per SD −0.03(−0.12, 0.05) 0.461 −0.07(−0.21, 0.06) 0.297 −0.02(−0.13,0.08) 0.659 0.258

TC (mmol/L)

Quartile 1 Reference Reference Reference

Quartile 2 −0.09(−0.27, 0.08) 0.297 −0.13(−0.38, 0.13) 0.321 0.01(−0.22, 0.25) 0.906

Quartile 3 0.08(−0.10, 0.27) 0.379 0.02(−0.25, 0.28) 0.913 0.16(−0.09, 0.41) 0.220

Quartile 4 −0.07(−0.24, 0.10) 0.425 −0.06(−0.33, 0.21) 0.651 −0.10(−0.32, 0.12) 0.381

Trend test 0.781 0.952 0.411

Increase per SD −0.01(−0.07, 0.06) 0.838 0.01(−0.09, 0.10) 0.851 −0.04(−0.12, 0.04) 0.340 0.951

HDL-C (mmol/L)

Quartile 1 Reference Reference Reference

Quartile 2 −0.02(−0.07, 0.03) 0.336 −0.02(−0.09, 0.05) 0.575 −0.02(−0.10, 0.06) 0.604

Quartile 3 −0.07(−0.12, −0.02) 0.009 −0.05(−0.12, 0.03) 0.197 −0.09(−0.17, −0.02) 0.015

Quartile 4 −0.10(−0.15, −0.05) <0.001 −0.10(−0.18, −0.03) 0.006 −0.10(−0.18, −0.03) 0.004

Trend test <0.001 0.001 0.002

Increase per SD −0.03(−0.05, −0.02) <0.001 −0.04(−0.06, −0.01) 0.006 −0.03(−0.06, −0.01) 0.011 0.845

LDL-C (mmol/L)

Quartile 1 Reference Reference Reference

Quartile 2 −0.02(−0.16, 0.11) 0.732 0.01(−0.18, 0.19) 0.962 −0.01(−0.21, 0.19) 0.903

Quartile 3 0.06(−0.08, 0.20) 0.420 0.09(−0.13, 0.30) 0.427 0.05(−0.15, 0.24) 0.626

Quartile 4 0.06(−0.07, 0.20) 0.356 0.14(−0.07, 0.35) 0.180 −0.01(−0.20, 0.17) 0.877

Trend test 0.167 0.079 0.997

Increase per SD 0.04(−0.01, 0.09) 0.120 0.08(0.01, 0.15) 0.037 −0.00(−0.06, 0.06) 0.964 0.304

SD, standard deviation.
aAdjusted for age, gender, BMI, educational level, smoking, drinking, household income.
bAdjusted for age, BMI, educational level, smoking, drinking, household income.
cThe interaction between ESRα methylation and gender.

methylation level was negatively associated with HDL-C levels
whether gender stratification was performed (all P < 0.05). For
each unit standard deviation (SD) increment in ESRα promoter
methylation, the level of HDL-C decreased by 0.03 mmol/L in all
participants, 0.04 mmol/L in men and 0.03 mmol/L in women.
Besides, we observed an increase of 0.08 mmol/L of LDL-C in
men with each unit SD increment in ESRα promoter methylation
level (P=0.037).

Association Between Lipid Metabolism and
T2DM
The association between lipid metabolism and T2DM is
presented in Table 3. The risk of T2DM shown an upward trend
with increasing quartiles of TG whether gender stratification was
performed (all P for trend < 0.05). In continuous analysis, after
adjusting for potential confounding factors, each unit SD increase
in TG was associated with an increase of 43%, 36% and 49% in

the risk of T2DM in all population, men and women respectively
(all P < 0.05).

In addition, the risk of T2DM shown a downward trend with
increasing levels of HDL-C in men (P for trend < 0.05). In
continuous analysis, we observed a decrement of 25% in the risk
of T2DM with each unit SD increase of HDL-C levels in men.
Furthermore, the interactive effect between HDL-C and gender
on the risk of T2DM was evaluated, and significant association
was observed.

The Role of ESRα Methylation in the
Association Between Lipid Metabolism and
T2DM
We did not find any association between ESRα promoter
methylation and FPG (Supplementary Table 3) or T2DM
(Table 4). After stratifying the population into two groups by
the ESRα promoter methylation level, we found that the risk
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TABLE 3 | Association between lipid metabolism and T2DM.

Lipid metabolism

(mmol/L)

T2DM

Alla Menb Womenb P for interactionc

OR (95% CI) P OR (95% CI) P OR (95% CI) P

TG

Quartile 1 Reference Reference Reference

Quartile 2 1.65(1.02, 2.69) 0.42 2.33(1.06, 5.11) 0.035 1.32(0.68, 2.54) 0.413

Quartile 3 1.52(1.05, 2.21) 0.027 1.53(0.86, 2.74) 0.149 1.41(0.85, 2.33) 0.179

Quartile 4 2.30(1.59, 3.33) <0.001 2.64(1.49, 4.65) 0.001 1.91(1.16, 3.14) 0.011

Trend test <0.001 <0.001 0.011

Increase per SD 1.43(1.25, 1.64) <0.001 1.36(1.13, 1.64) 0.001 1.49(1.21, 1.83) <0.001 0.549

TC

Quartile 1 Reference Reference Reference

Quartile 2 1.18(0.76, 1.83) 0.468 1.42(0.75, 2.70) 0.284 0.74(0.38, 1.43) 0.368

Quartile 3 1.26(0.82, 1.95) 0.293 1.17(0.61, 2.24) 0.630 1.17(0.63, 2.16) 0.625

Quartile 4 1.39(0.90, 2.13) 0.134 1.37(0.72, 2.62) 0.335 1.21(0.66, 2.22) 0.530

Trend test 0.121 0.467 0.486

Increase per SD 1.15(0.99, 1.33) 0.061 1.03(0.84, 1.29) 0.722 1.18(0.96, 1.45) 0.121 0.426

HDL-C

Quartile 1 Reference Reference Reference

Quartile 2 0.90(0.60, 1.34) 0.593 0.82(0.46, 1.45) 0.489 0.98(0.54, 1.77) 0.941

Quartile 3 0.81(0.54, 1.24) 0.331 0.66(0.35, 1.22) 0.184 0.99(0.54, 1.81) 0.977

Quartile 4 0.91(0.59, 1.41) 0.679 0.47(0.22, 0.97) 0.041 1.55(0.86, 2.81) 0.148

Trend test 0.478 0.010 0.168

Increase per SD 0.99(0.85, 1.15) 0.862 0.75(0.58, 0.97) 0.028 1.18(0.97, 1.44) 0.097 0.019

LDL-C

Quartile 1 Reference Reference Reference

Quartile 2 0.58(0.36, 0.92) 0.020 0.39(0.19, 0.81) 0.011 0.70(0.36, 1.36) 0.290

Quartile 3 0.79(0.51, 1.22) 0.282 0.78(0.42, 1.43) 0.423 0.55(0.28, 1.09) 0.085

Quartile 4 0.87(0.57, 1.34) 0.527 0.69(0.36, 1.32) 0.262 0.98(0.53, 1.82) 0.957

Trend test 0.923 0.532 0.976

Increase per SD 0.94(0.81, 1.10) 0.452 0.89(0.70, 1.12) 0.318 0.95(0.76, 1.17) 0.614 0.585

SD, standard deviation.
aAdjusted for age, gender, BMI, educational level, smoking, drinking, household income.
bAdjusted for age, BMI, educational level, smoking, drinking, household income.
cThe interaction between lipid metabolism and gender.

of T2DM in participants with lower methylation (≤ 4.07%)
were more susceptible to HDL-C (P for interaction = 0.030), as
manifested by a decreased of 22% in the risk of T2DM with the
increment of each unit SD in HDL-C concentration (Table 5).

DISCUSSION

In the current study, we explored the demographic information
of the demographic information and found that the prevalence
of T2DM in men is significantly lower than in women. Several
previous studies have also observed gender differences in
the prevalence of T2DM (24–26). Among them, a large-scale
epidemiological survey found that the risk of T2DM in male
farmers in rural areas is lower than in female farmers (26).
The physical activity has been reported to mitigate the impaired
glucose tolerance caused by unhealthy lifestyle (such as sleep loss)
(27) and prevent the occurrence of T2DM (28). Farmers were
recruited as participants in our study. And the level of physical

activity of male farmers is significantly higher than that of female
farmers (29), which may lead to a lower prevalence of T2DM
in men.

Besides, the association between ESRα promoter methylation
and lipid metabolism was investigated. And negative correlations
were observed between ESRα promoter methylation and HDL-C
levels, whether gender stratification was performed. Considering
that the ESRα promoter methylation can suppress the protein
expression of ESRα (30), we speculate that the ESRα levels may
relate positively to the HDL-C levels in adults. These findings
are similar to the previous studies (12, 31). The expression of
LDL receptor has been reported to depend on tyrosine kinase
and protein kinase C activation, both signal pathways could
be activated by estrogen (32). Additionally, as a regulator of
LDL-C metabolism, ESRα can affect the gene expression of
LDL-C receptors (33). Whereas Knopp et al. (34) observed a
lesser change in low-density lipoprotein in women thanmenwith
high-carbohydrate or high-fat feeding. Here, we only observed
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TABLE 4 | Association between ESRα methylation and T2DM.

ESRα methylation (%) Alla Menb Womenb

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Quartile 1 Reference Reference Reference

Quartile 2 1.20 (0.77, 1.86) 0.429 1.53 (0.80, 2.93) 0.200 1.14 (0.60, 2.17) 0.693

Quartile 3 1.01 (0.64, 1.58) 0.974 0.94 (0.47, 1.88) 0.851 1.05 (0.57, 1.96) 0.868

Quartile 4 0.94 (0.59, 1.49) 0.778 1.35 (0.64, 2.84) 0.427 0.70 (0.38, 1.30) 0.259

Trend test 0.276 0.896 0.105

Increase per SD 0.95 (0.81, 1.11) 0.486 1.10 (0.86, 1.41) 0.440 0.82 (0.67, 1.02) 0.070

SD, standard deviation.
aAdjusted for age, gender, BMI, educational level, smoking, drinking, household income.
bAdjusted for age, BMI, educational level, smoking, drinking, household income.

TABLE 5 | Interactive effects of ESRα methylation and lipid metabolism indexes on T2DM.

Lipid metabolism Groups T2DMa

OR (95%CI) P P-interactionb

TG ESRα methylation 0.455

≤4.07% 1.34(1.08, 1.65) 0.007

>4.07% 1.67(1.34, 2.09) <0.001

TC ESRα methylation 0.757

≤4.07% 1.10(0.89, 1.36) 0.390

>4.07% 1.22(0.98, 1.53) 0.082

HDL-C ESRα methylation 0.030

≤4.07% 0.78(0.61, 1.00) 0.046

>4.07% 1.04(0.83, 1.31) 0.736

LDL-C ESRα methylation 0.273

≤4.07% 1.02(0.81, 1.28) 0.878

>4.07% 0.88(0.69, 1.13) 0.322

aAdjusted for age, gender, BMI, educational level, smoking, drinking, household income.
bThe interaction between lipid metabolism and ESRα methylation.

a positive correlation between ESRα promoter methylation and
LDL-C levels in men, whereas no association was observed in
women, further suggesting that LDL-Cmay be affected by genetic
factors in a gender-specific manner.

The concentrations of LDL-C in patients with T2DM are
generally not significantly different from those in non-diabetic
patients (35). Similarly, no significant association between the
levels of LDL-C and the risk of T2DMwas observed in the present
study. This may be caused by the the management of LDL-C or
the reduction of LDL-C catabolism in patients (8, 36). Besides,
we here found that the risk of T2DM was positively associated
with TG whether gender stratification was performed. Besides,
we observed a negative correlation between HDL-C levels and
the risk of T2DM in men, instead of women. As revealed in the
previous study (37), the dominant lipid abnormality in diabetes
is hypertriglyceridemia, which is commonly associated with a
reduction in HDL-C. Our findings are similar to the previous
study, suggesting that TG and HDL-C may be closely related to
the risk of T2DM. Hanai et al. (38) found that the levels of HDL-
C were associated with the progression of diabetic kidney disease

in men but not in women. In addition, a greater difference in
those with diabetes compared with those without diabetes were
observed in women than in men for HDL-C (39). Combining
these findings, we speculate that there may be gender difference
in relationship between HDL-C and T2DM, and a relatively
small alteration in HDL-C may trigger the occurrence of T2DM
in male.

A previous study found that the level of ESRα promoter
methylation in decidual tissue of Germans with gestational
diabetes mellitus (GDM) is higher than that of Germans without
GDM (40), indicating that ESRα promoter methylation may
increase the risk of GDM. While in this study, we did not
observe any association between ESRα promoter methylation
and FPG or the risk of T2DM. These inconsistencies may
be due to the obvious difference races and different types of
diabetes mellitus. Notably, many reproducible studies found
that the polymorphisms in the same site (rs1801282 in PPARG
gene) is not significantly associated with the risk of GDM,
while it can elevate the risk of T2DM (41), suggesting that
the same genetic changes may have different associations
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with different types of diabetes mellitus (42, 43). Finally, we
observed a significant interactive effect of ESRα promoter
methylation and HDL-C on the risk of T2DM, indicating that
the level of ESRα methylation may modify the association
between HDL-C and the risk of T2DM, and the risk of
T2DM in participants with lower ESRα methylation is more
susceptible to the alteration of HDL-C. Different DNA fragments
located in the same gene may have different methylation
levels and thus result in different biological effects (44).
Consequently, further comprehensive methylation sequencing in
large population may provide more clues for the pathogenesis
of T2DM.

CONCLUSION

In summary, lipid metabolism was associated with the levels
of ESRα promoter methylation and the risks of T2DM.
Additionally, ESRα promoter methylation can modify the
association of HDL-C and T2DM.
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Objective: Skeletal muscle fat content is one of the important contributors to insulin
resistance (IR), but its diagnostic value remains unknown, especially in the Chinese
population. Therefore, we aimed to analyze differences in skeletal muscle fat content and
various functional MRI parameters between diabetic patients and control subjects to
evaluate the early indicators of diabetes. In addition, we aimed to investigate the
associations among skeletal muscle fat content, magnetic resonance parameters of
skeletal muscle function and IR in type 2 diabetic patients and control subjects.

Methods:We enrolled 12 patients (age:29-38 years, BMI: 25-28 kg/m2) who were newly
diagnosed with type 2 diabetes (intravenous plasma glucose concentration≥11.1mmol/l
or fasting blood glucose concentration≥7.0mmol/l) together with 12 control subjects as
the control group (age: 26-33 years, BMI: 21-28 kg/m2). Fasting blood samples were
collected for the measurement of glucose, insulin, 2-hour postprandial blood glucose
(PBG2h), and glycated hemoglobin (HbAlc). The magnetic resonance scan of the lower
extremity and abdomen was performed, which can evaluate visceral fat content as well as
skeletal muscle metabolism and function through transverse relaxation times (T2), fraction
anisotropy (FA) and apparent diffusion coefficient (ADC) values.

Results: We found a significant difference in intermuscular fat (IMAT) between the
diabetes group and the control group (p<0.05), the ratio of IMAT in thigh muscles of
diabetes group was higher than that of control group. In the entire cohort, IMAT was
positively correlated with HOMA-IR, HbAlc, T2, and FA, and the T2 value was correlated
with HOMA-IR, PBG2h and HbAlc (p<0.05). There were also significant differences in T2
and FA values between the diabetes group and the control group (p<0.05). According to
the ROC, assuming 8.85% of IMAT as the cutoff value, the sensitivity and specificity of
IMAT were 100% and 83.3%, respectively. Assuming 39.25ms as the cutoff value, the
n.org March 2021 | Volume 12 | Article 5360181103
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sensitivity and specificity of T2 value were 66.7% and 91.7%, respectively. All the
statistical analyses were adjusted for age, BMI and visceral fat content.

Conclusion: Deposition of IMAT in skeletal muscles seems to be an important
determinant for IR in type 2 diabetes. The skeletal muscle IMAT value greater than
8.85% and the T2 value greater than 39.25ms are suggestive of IR.
Keywords: type 2 diabetes, insulin resistance, skeletal muscle, intermuscular fat, MRI
INTRODUCTION

Human organs that can cause insulin resistance (IR) by fat
deposition mainly include the heart, liver, skeletal muscles and
fat (1) Skeletal muscle fat, which includes subcutaneous adipose
tissue (SAT), subfascial adipose tissue (SFAT), intermuscular
adipose tissue (IMAT), and intramyocellular lipids (IMCL) (2), is
one of the major target tissues of insulin and is important for
glucose and lipid uptake and utilization in the human body.
Unlike visceral fat, muscle fat and muscle metabolism in relation
to the risk of type 2 diabetes has been understudied (3, 4).

Among various fat components of skeletal muscle, IMAT is
widely defined as fat infiltration in muscles. Retrospective studies
suggest that IMAT may be related to IR and that the increased
IMAT may impair muscle blood flow, reduce the ability of
insulin to spread, and increase the local concentration of fatty
acids (5–7). Under conditions of excess lipid supply, lipid
deposition in skeletal muscle is associated with the
development of IR, which may even impair insulin signaling
(8, 9) However, the previous studies measured the skeletal
muscle fat content mainly by DXA, CT or T1-weighted
magnetic resonance imaging (T1WI-MRI), which are not
accurate enough because of the limited resolution and non-
uniformity of the magnetic field (10). The chemical
displacement-based water lipid separation (MR Dixon-Quant)
is more accurate in measuring fat content (11). Dixon technology
is now available for most types of MRI, even for various types of
clinical scanning needs (12). In addition, the technology can
separate the MRI signals of intramuscular fat, thereby overcome
the major limitations of T1WI-MRI (13).

In addition to skeletal muscle fat content, functional MRI
indicators also have important value in indicating muscle
metabolism. Hence, the relationship between skeletal muscle and
magnetic resonance parameters, and their contribution to the risk of
type 2 diabetes is important for understanding the pathophysiology
of diabetes. Fractional anisotropy (FA) value can detect the water
migration rate and limitation in the tissue, and is used to evaluate the
microstructure of the tissue (14). Apparent diffusion coefficient
(ADC) value can be used to distinguish the difference between
normal and pathological skeletal muscles (15). The transverse
relaxation times (T2) value can replace the routine laboratory test
to quantitatively analyze the skeletal muscle injury (16). However,
the associations between the functional MRI muscle indicators (FA,
ADC and T2 values) and type 2 diabetes have rarely been studied.
The relationships between muscle fat content and functional MRI
muscle indicators are also not well understood.
n.org 2104
Therefore, we aimed to investigate the association of diabetic
biomarker with the skeletal muscle fat content and functional
muscle MRI indicators, test the association between muscle fat
content and functional MRI muscle indicator, and explore the
diagnostic value of skeletal muscle fat content and functional
MRI muscle indicators in type 2 diabetes.
MATERIAL AND METHODS

Subjects and Experimental Design
A total of 24 male subjects were recruited from December 2017
to December 2018 for this cross-sectional study. Of them, twelve
newly diagnosed type 2 diabetic patients (intravenous plasma
glucose concentration ≥11.1mmol/l or fasting blood glucose
concentration ≥7.0mmol/l) were recruited from the First
Endocrinology Clinic of Shengjing Hospital, Shenyang, China.
Twelve control young adults were also recruited from the
geographic area of Shenyang, China. The inclusion criteria
were: aged 25 to 40 years; body mass index (BMI) was between
21 to 29 kg/m2; weight was stable within the past 3 months; not
following a special exercise program within the past 3 months;
non-smoking; no acute illness; no history of diabetes and related
family history; no hypertension, cerebrovascular disease,
coronary heart disease, chronic heart failure or high uric
academia; and have no contraindications for magnetic
resonance imaging.

Participants started fasting at 8 pm before the testing day, and
had venous blood samples for the measurement of fasting blood
glucose, fasting insulin, 2-hour postprandial blood glucose
(PBG2h) and glycated hemoglobin (HbAlc) at 7-8 am and 9-
10 am at the test of the day. The lower extremity magnetic
resonance scans were performed at 12 am. Of notes, for the
patients with type 2 diabetes, the magnetic resonance scans of the
lower extremity were performed within the first three weeks
of diagnosis.

The China Medical University Institutional Review Board
approved the study protocols and all subjects provided written
and informed consent for their participation. The current study
is registered under 2019PS443K.

Anthropometric Measurements
Subjects’ height ( ± 0.1cm) and weight ( ± 0.1kg) were measured
using a wall-mounted stadiometer and a digital balance
scale, respectively. These measurements were used to calculate
BMI (kg/m2).
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Laboratory Assays
All the laboratory assays were processed at the Central
Laboratory of Shengjing Hospital of Shenyang, China. Fasting
blood glucose and 2-hour postprandial blood glucose were
measured within 2 hours after centrifugation (glucose oxidase
assay, Olympus 400 automatic biochemical analyzer). HbA1c
was detected on the same day by high performance liquid
chromatography, Bio Rad D-10, Bole company of the United
States. Radioimmunoassay was used to determine fasting plasma
insulin (FINS). The homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated as: fasting blood glucose ×
fasting insulin/22.5.

Magnetic Resonance Imaging and
Image Analyses
MRI scans (sagittal T2W1, coronal T2W1, functional imaging
T2-mapping, DTI, mDixon-Quant sequences) were performed
by Philip Intera Achieva 3.0T scanner to evaluate the cross-
sectional areas of the visceral fat of the abdomen (14 cases,
7 newly diagnosed type 2 diabetic patients and 7 controls) and
the skeletal muscle fat of the thigh, and the magnetic resonance
parameter values (T2 value, FA value, and ADC value) of the
skeletal muscle were measured.

Axial images of the mid-L2 vertebral level in MRI data were
selected for VAT measurements. The location method was also
assisted by the coronal plane in MRI. Then, the relevant single
slice Digital Imaging and Communications in Medicine files
were imported into Mimics Research software version 21.0
(Materialise, Leuven, Belgium) for image segmentation of VAT
(Figure 1). The lower extremity scans were obtained at femoral
neck, proximal to the terminal end of the femur. This site was
chosen because it is the region with the largest skeletal muscle fat,
and there is little variability across persons (17). The scan time
was approximately 20-25 minutes (Table 1). Images of cross-
sectional areas of the muscle and fat tissue were analyzed by
Frontiers in Endocrinology | www.frontiersin.org 3105
using Philips Research Imaging Development Environment
(PRIDE) software (version 4.1.V3).

By drawing ROI, the thigh MRI image can be segmented into
bone and soft tissue measures. For this current study, we
measured 1) the percentage of SFAT, IMAT, and SAT in
skeletal muscle; 2) T2 value, FA value and ADC value in
skeletal muscle (Figure 2).

Statistical Analysis
All data were checked for normality using the Shapiro-Wilk’s test.
The measurement data was expressed as mean ± standard deviation
(SD). The magnetic resonance parameters and the fat content of the
skeletal muscle were compared between the diabetes group and the
control group by Binary logistic. Partial variance correlation
analysis was carried out to test the associations between magnetic
resonance parameters (T2, ADC and FA values) and type 2 diabetes
markers (HOMA-IR, PBG2h and HbAlc). Multiple linear
regression models were used to assess the association of IMAT
and SFAT and SAT with type 2 diabetes markers (HOMA-IR,
PBG2h and HbAlc) and magnetic resonance parameters (T2, ADC
and FA values). The missing values of the visceral fat content were
replaced with the average values in each group. All analyses were
adjusted for age, BMI and visceral fat content. The ROC curve was
FIGURE 1 | Representative abdomen MRI images of VAT between diabetes group and control group. Representative abdomen MRI images in a healthy volunteer
(A) and a patient with diabetes (B). Results for the percentage of the VAT were 8.21% for the healthy volunteer and 10.45% for the patient with diabetes. VAT,
visceral fat.
TABLE 1 | Magnetic resonance sequence acquisition parameters.

Scanning
parameter

T1 T2 DTI T2 mapping mDIXON-quant

TR 260 5384 3357 2010 9.1
TE 15 100 84 40/60/80/100 1.33
FOV 400 400 410 414 420
SNR 1.00 1.00 1.00 1.00 1.00
NSA 3 2 2 2 2
Thickness/Pitch 4.0/0.4 4.0/0.4 4.0/5.0 4.0/15 6.0/-3.0
Scan time 2:09 2:10 3:13 2:13 0:09
March 20
21 | Volume 12
TR, time of repetition; TE, time of echo; FOV, field of view; SNR, signal to noise ratio; NSA,
number of signal averaged.
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drawn to analyze the value of the above indicators for the diagnosis
of type 2 diabetes alone. p < 0.05 was considered statistically
significant. All analyses were performed using SPSS 23.0 for
Windows (SPSS Inc., Chicago, IL, USA).
RESULTS

General Characteristics of the Subjects
A total of 24 subjects were included in the study. Subjects in the
diabetes group were older, and had higher levels of HOMA-IR,
HbA1c, and PBG2h compared to the ones in the control group
(p<0.05) (Table 2).
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Comparison of Muscle Magnetic
Resonance Parameters and Muscle Fat
Components Between Diabetic and
Control Subjects
Subjects in the diabetes group had higher levels of IMAT, T2, and
ADC compared to the ones in the control group (p<0.05)
(Table 3).

Correlation Between Muscle Magnetic
Resonance Parameters and Type 2
Diabetes Markers
Among the three selected magnetic resonance parameters (T2,
FA, and ADC), muscle T2 value and FA value were associated
with HOMA-IR, PBG2h and HbAlc (p<0.05). ADC value was
associated with PBG2h (p<0.05) (Table 4).

Associations Between Thigh Fat
Composition and Muscle Magnetic
Resonance Parameters and Type 2
Diabetes Markers
In the models including IMAT, SFAT and SAT, IMAT was
significantly associated with type 2 diabetes markers (HOMA-IR,
PBG2h and HbAlc) and magnetic resonance parameters (T2,
ADC and FA values) (p<0.05), and SFAT was significantly
FIGURE 2 | Selection and measurement of mDixon-Quant sequence, T2mapping and DTI sequence ROI. Regions of interest for SAT (A), SFAT (B), IMAT (C), and
the positions of the ROI on the rectus femoris, the biceps femoris and the lateral femoral muscle in T2 sequence (D).
TABLE 2 | General characteristics.

Diabetes group Control group p-value

N 12 12 —

Age (years) 34.33 ± 3.98 28.92 ± 3.52 0.002
BMI (kg/m2) 26.73 ± 1.98 24.78 ± 3.27 0.091
HOMA-IR 5.74 ± 3.28 1.83 ± 0.75 0.003
HbAlc (mg/dl) 6.67 ± 1.35 5.20 ± 0.21 0.001
PBG2h (mg/dl) 11.11 ± 2.58 4.960.91 <0.001
Visceral fat (%) 8.36 ± 2.37 6.86 ± 3.58 0.238
BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance;
HbAlc, glycosylated hemoglobin; PBG2h, 2-hour postprandial blood glucose.
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associated with HOMA-IR (p<0.05). However, SAT was not
associated with type 2 diabetes markers (HOMA-IR, PBG2h
and HbAlc) and magnetic resonance parameters (T2, ADC and
FA values) (p>0.05) (Table 5).

The Diagnostic Value of IMAT, FA, and T2
Values for Type 2 Diabetes
Figure 2 presents the ROC curve of type 2 diabetes based on T2,
FA and IMAT, which showed significant associations with
HOMA-IR, PBG2h and HbAlc values of type 2 diabetes. The
selection of the cutoff value was based on the maximization of the
Youden’s index. The cut-off value of IMAT was 8.85%, its
sensitivity to type 2 diabetes was 100%, specificity was 83.3%.
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The cutoff value of T2 value was 39.25ms, and its diagnostic
sensitivity was 66.7% and specificity was 91.7%. The cutoff value
of FA value was 0.58, and its diagnostic sensitivity was 41.7% and
specificity was 91.8%. The area under the ROC (AUROC) for the
diagnosis of type 2 diabetes by IMAT, T2 and FA values were
0.917, 0.840 and 0.774, respectively. Among these indicators,
IMAT appeared to be the best predictor, followed by T2 and FA
(Figure 3).
DISCUSSION

In this study, we show that IMAT is associated with IR among
young adults, independent of age, BMI and visceral fat content.
However, SAT, which makes up the highest proportion of muscle
fat, is not associated with IR. The T2 and FA values are also
positively correlated with IR, which provides new evidence for
the relationship between the muscle magnetic resonance index
and IR. In addition, IMAT discriminates type 2 diabetic patients
from control subjects with a sensitivity of 100%, and a specificity
of 83.3%.

The mechanism underlying the relationship between skeletal
muscle fat and IR is still not clear. Previous studies have shown
that IMAT may be related to multiple metabolic factors (18–21),
this association is often attributed to the close relationship
between IMAT and BMI, Some studies also suggested that due
TABLE 4 | Correlation between muscle magnetic resonance parameters and
type 2 diabetes markers (N = 24).

HOMA-IR HbAlc (mg/dl) PBG2h (mg/dl)

p-value p-value p-value

T2 (ms) <0.001 <0.001 0.020
ADC (10^-3mm2/s) 0.071 0.052 0.045
FA 0.005 0.001 0.001
All estimates were adjusted for age, BMI and visceral fat content. T2, transverse relaxation
times; FA, fractional anisotropy; ADC, apparent diffusion coefficient; HOMA-IR,
homeostatic model assessment of insulin resistance; HbAlc, glycosylated hemoglobin;
PBG2h, 2-hour postprandial blood glucose.
TABLE 3 | Comparison of muscle magnetic resonance parameters and muscle fat components in diabetes group (N = 12) and control group (N = 12).

Diabetes group Control group OR 95%Cl p-value

IMAT (%) 10.08 ± 1.37 7.06 ± 2.02 3.27 1.14-9.35 0.03
SFAT (%) 3.69 ± 0.60 3.51 ± 0.79 1.07 0.16-7.44 0.94
SCAT (%) 20.13 ± 6.43 25.19 ± 6.56 0.94 0.77-1.13 0.50
Total fat (%) 33.91 ± 6.35 35.78 ± 7.24 1.02 0.82-1.26 0.86
FA 0.56 ± 0.05 0.51 ± 0.04 2.38 0.89-6.41 0.09
T2 (ms) 40.67 ± 3.75 37.25 ± 1.94 1.75 1.00-3.05 0.05
ADC (10^-3mm2/s) 1.20 ± 0.97 0.96 ± 0.26 1.12 1.01-1.23 0.02
March
 2021 | Volume 12 | Article
All estimates were adjusted for age, BMI and visceral fat content. IMAT, Intermuscular Fat; SFAT, subfascial adipose tissue; SAT, subcutaneous adipose tissue; T2, transverse relaxation
times; FA, fractional anisotropy; ADC, apparent diffusion coefficient; OR, odds ratio; Cl, confidence interval.
TABLE 5 | Association between thigh fat composition and muscle magnetic resonance parameters and type 2 diabetes markers (N = 24).

Model HOMA-1R HbAlc (mg/dl) PBG2h (mg/dl) T2 (ms) FA

b p-value b p-value b p-value b p-value b p-value

1 IMAT 1.025 <0.001 0.587 <0.001 1.190 0.001 1.464 <0.001 0.019 0.002
2 SFAT 1.082 0.018 0.441 0.275 1.100 0.416 2.207 0.123 0.027 0.216
3 SAT -0.087 0.060 -0.096 0.058 -0.232 0.070 -0.335 0.244 -0.002 0.391
4 IMAT 0.511 <0.001 0.614 <0.001 1.213 0.004 1.390 0.001 0.018 0.008

SFAT 0.527 0.046 -0.255 0.454 -0.216 0.849 0.699 0.520 0.008 0.680
5 IMAT 0.573 <0.001 0.581 <0.001 1.096 0.010 1.607 <0.001 0.021 0.005

SAT 0.004 0.891 -0.004 0.924 -0.058 0.629 0.089 0.444 0.001 0.487
6 IMAT 0.485 <0.001 0.623 <0.001 1.106 0.020 1.528 0.002 0.020 0.014

SFAT 0.563 0.047 -0.269 0.465 -0.063 0.958 0.501 0.664 0.001 0.827
SAT -0.013 0.640 0.005 0.901 -0.056 0.665 0.073 0.554 0.005 0.559
Multivariate linear regression analysis was used; All estimates were adjusted for age, BMI and visceral fat content. Type 2 diabetes markers (HOMA-IR, PBG2h and HbAlc) and magnetic
resonance parameters (T2, ADC and FA values) were dependent variables. IMAT, SFAT and SAT were independent variables of model 1-3, respectively. The independent variables of
model 4-5 were paired by IMAT, SFAT, and SAT. The independent variables of model 6 included IMAT, SFAT and SAT. IMAT, intermuscular adipose tissue; SFAT, subfascial adipose
tissue; SAT, subcutaneous adipose tissue; HOMA-IR, homeostatic model assessment of insulin resistance; HbAlc, glycosylated hemoglobin; PBG2h, 2-hour postprandial blood glucose;
T2, transverse relaxation times; FA, fractional anisotropy.
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to the adjacent anatomical structure of skeletal muscle and
IMAT, IMAT may affect the direct contact between fat and
muscle cells through the secreted adipokines or locally affect
the muscles through the shared micro-vessels (22, 23). The
infiltration of IMAT in skeletal muscle may also increase the
local inflammation of muscle fibers, which may lead to increased
oxidative stress in the muscles. This could result in decreased
insulin-stimulated tyrosine phosphorylation and decreased
activity of downstream signaling molecules, which in turn
causes insulin resistance (24, 25). Recent research indicates
that IMAT may regulate muscle insulin sensitivity by secreting
inflammatory cytokines and extracellular matrix proteins, as well
as increasing the concentration of free fatty acids (FFA) in the
body (26). Our study found that IMAT was statistically different
between type 2 diabetic patients and control subjects. There was
no significant difference in SFAT or SAT between the two
groups. Moreover, we showed that IMAT was associated with
higher HOMA-IR, HbA1c, and PBG2h. Our findings are
consistent with the results of Goodpaster et al. (18, 27). They
evaluated the adipose tissue of thighs in 65 Americans by CT and
DXA and suggested that IMAT and SFAT might be markers of
IR in type 2 diabetes. Another study found that high levels of
thigh subcutaneous adipose tissue and low levels of thigh IMAT
might maintain good insul in metabol ism in ear ly
postmenopausal American women (19). In addition, Kim et al.
(20) reported that among 75 middle-aged and older adults,
IMAT might have a negative influence on fasting glucose
concentration. These findings collectively indicate that IMAT
may increase metabolic risk in IR and type 2 diabetes. In
summary, we speculate that IMAT may increase in the skeletal
muscle of Chinese male patients with type 2 diabetes, which
could affect the muscle mass and muscle function.

There are a few studies regarding the correlation between
skeletal muscle MR parameters and IR, as well as type 2 diabetes
(28, 29), and whether it can be used as an index to predict or
diagnoses type 2 diabetes still remains unclear. Their findings
indicate that fasting hyperinsulinemia (insulin resistance) and
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dyslipidemia have independent and additional contributions to
increased tissue magnetic resonance T2 values, and T2 values
should be early screened for metabolic dysfunction to prevent
diabetes and cardiovascular disease (30). Others have shown that
biomarkers associated with water T2 can provide evidence for
the pathophysiology of metabolic syndrome and early metabolic
disorders prior to the occurrence of type 2 diabetes and
cardiovascular disease (31). DTI sequence and its parameters
(ADC and FA values) can be used to evaluate the difference of
fibrous tissue in diseased and control muscle tissues, and as one
of the commonly used methods. It can also provide an in-depth
understanding of muscle dynamics, which may apply the
analysis and research of muscle tissue metabolism (32, 33).
Among muscle fat components, IMAT has a positive
correlation with T2 and FA values, which indicates that IMAT
may affect muscle metabolism and participate in the process of
early IR in type 2 diabetes.

In recent years, various types of diabetes prediction models
have been proposed (34–37), but none of those have been
constructed or validated in skeletal muscle fat content or
magnetic resonance parameters in the Chinese population.
Moreover, our model was based on MR mDIXON-quant
quantitative technique, and IMAT and T2 value that may affect
the incidence of the disease were included in the regression
model. Our results showed that among the equal magnetic
resonance parameters, T2 and FA values were associated with
increased HOMA-IR and HbA1c. It is indicated that T2 can
detect abnormalities in skeletal muscle signals in newly
diagnosed diabetic patients. IMAT discriminated type 2
diabetic patients from control subjects with the sensitivity of
100% and the specificity of 83.3% when setting the cutoff value of
IMAT as 8.85%. Muscle T2 value might also be used to detect
early skeletal muscle changes in type 2 diabetes patients,
assuming 39.25ms as the cutoff value, the sensitivity and
specificity were 66.7% and 91.7% respectively. In our study, the
IMAT and SFAT levels of one control subject were higher than
the cut-off value, but the HOMA-IR, PBG2h and HbAlc values
FIGURE 3 | ROC plot of each type of indicator for diagnosis of type 2 diabetes. IMAT, intermuscular adipose tissue; FA, fractional anisotropy; T2, transverse
relaxation times.
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were normal. During 2-year follow up period, his fasting insulin
and fasting blood glucose were found to have exceeded the
normal value. After clinical consultation, treatment options
including medication and exercise therapy were developed for
this subject.

At current stage, various weight loss guidelines rarely
consider specific organs (e.g., for skeletal muscle and pancreas)
(38, 39). MR imaging provides a unique, non-radiative and non-
invasive diagnostic platform that can directly quantify the
physiological and biochemical variables of skeletal muscle (40).
Using more accurate MR analysis to analyze the content of
IMAT and the measurement of muscle magnetic resonance
signals may provide clinicians with more specific strategies for
treating skeletal muscle fat infiltration, and even predict the long-
term risk of type 2 diabetes in obese patients.

The employment of MR mDIXON-quant quantitative
technique to quantify IMAT is a strength of this study. This
technique is able to directly measure IMAT and more sensitive
than computed tomography (CT), which indirectly measures
IMAT (41). Type 2 diabetes has many confounding factors such
as medications, but the patients in our study were all newly
diagnosed with type 2 diabetes and not on medications, which is
another strength.

There are several limitations in our study. First, our sample
size is modest, and we did not calculate our sample size before
conducting this study. However, as a post hoc analysis, we found
that the average IMAT was 10.08% with an SD of 1.37 in the
diabetes group, and the average was 7.06% with an SD of 2.02 in
the control group. Based on our data, this study had a power of
98.24% to detect the difference in IMAT between the diabetes
group and the control group at 5% significance level with a total
of 24 samples equally allocated between the two groups. In other
words, despite the modest sample size, we were still able to
identify the significant differences between the two groups.
Second, this study is cross-sectional, and no causal relationship
can be derived. Prospective follow-up studies with an adequate
sample size are needed to validate our findings. Third, because
the mDIXON-quant technique scan image used was susceptible
to motion artifacts, and image post-processing only by manually
delineating ROI to measure the content of various fat
components in muscles, there could be measurement errors.
Fourth, the missing values of the visceral fat content, when used
as a confounding factor in the statistical analyses, might cause
biased results. Fifth, our participants are all Chinese males, such
that the findings cannot be generalized to other populations.
Last, MRI scanning is costly, and not widely used yet. To the best
of our knowledge, the relationship between the fat components
of muscles and the prevalence of type 2 diabetes is understudied
(42). Thus, at this stage, mDIXON-Quant, a robust noninvasive
quantitative method available, would be well suited for the
Frontiers in Endocrinology | www.frontiersin.org 7109
accurate measurement of the content of IMAT and muscle
magnetic resonance signals in this regard.

In conclusion, IMAT in skeletal muscles is associated with IR,
and T2 value can detect the metabolic irregularity of skeletal
muscle in Chinese male patients with newly diagnosed type 2
diabetes. The skeletal muscle IMAT value greater than 8.85% and
the T2 value greater than 39.25ms are suggestive of type 2
diabetes in Chinese males.
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Nutrition (UTDN-CSO), Centre Hospitalier Universitaire de Guadeloupe, Pointe à Pitre, Guadeloupe, France, 7 EA3593, Amazon
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Aims/Introduction: French Guiana has a high prevalence of metabolic diseases, which
are risk factors for gestational diabetes mellitus. Despite routine screening for gestational
diabetes, treatment is still challenging because of health inequalities and different cultural
representations of disease and pregnancy. This study was conducted to assess the role
of early and universal GDM screening on obstetrical and neonatal complications in a
socially deprived population.

Materials and Methods: A prospective study was conducted, in the level III maternity in
French Guiana. Of 2136 deliveries, 223 had gestational diabetes mellitus, 110 of whom
were followed-up for 6 month to detail their social and laboratory parameters.

Results: The prevalence of gestational diabetes in French Guiana (Cayenne Hospital) was
estimated at 10.3%. The study population was very precarious with 70% of patients on
welfare (universal health coverage or state medical assistance). The following obstetrical
complications were observed: cesarean delivery (32%), history of miscarriage (26%) and
preeclampsia (7.4%). Nevertheless, neonatal complications were rarely present and
included hypoglycemia (2.8%) and macrosomia (2.8%).

Conclusion: In French Guiana, gestational diabetes mellitus is very common. However, in
a context of widespread poverty and diverse cultural representations, universal screening
and monitoring limited the risk of macrosomia.

Keywords: French Guiana, gestational diabetes mellitus, macrosomia, poverty, systematic screening procedure
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INTRODUCTION

French Guiana—a French territory between Brazil and Suriname
—has one of the highest birth rates in Latin America and in
France [https://www.insee.fr/fr/statistiques/3309060]. There is a
very high prevalence of preterm delivery and preeclampsia (1–3).
In addition, the prevalence of obesity and diabetes in French
Guiana are very high (respectively 17% (4) and 10% (5), notably
among women). In a context of massive immigration,
geographical isolation, and low medical density, social
inequalities of health are widespread (6), notably for obstetrical
problems (2). The Level III maternity (managing high risk
pregnancies) in French Guiana is located in Cayenne Hospital.
Patients from isolated areas and, especially, patients with
gestational diabetes mellitus (GDM) are usually transferred to
the Level III maternity unit from the 8th month of pregnancy
onward for monitoring, due to the geographic distances. The risk
factors most often associated with GDM include being
overweight (body mass index [BMI] >25), age (>35 years),
history of GDM, familial diabetes, and ethnicity (7, 8).
Obstetrical and neonatal complications of GDM include
macrosomia, preeclampsia, prematurity, shoulder dystocia,
neonatal hypoglycemia, and cesarean delivery (8). The
diagnostic and screening criteria for patients with GDM vary
between different countries. In 2011, Vignoles et al. reported a
GDM prevalence of 5.1% in Guadeloupe (French overseas
department) using the World Health Organization (WHO)
criteria (7, 9); while in Mainland France the GDM prevalence
was found between 5 and 8%, but a single center study detected
during a systematic screening a prevalence of 14% based on the
International Association of Diabetes and Pregnancy Study
Groups (IADPSG) criteria (10). Some studies have found
differences in GDM prevalence that are linked to ethnicity; In
2012, a study conducted in the United States by Kim et al. found
variable GDM prevalence, with Pacific Islanders being at a
relatively high risk (9.9%) (11).

Unlike in mainland France, since 2015 screening for GDM is
routinely undertaken. This was implemented by the perinatal
network –a network of obstetricians and midwives disseminating
best practices in French Guiana— in order to have a standardized
attitude because evaluating risk factors for gestational diabetes is
challenging in the most isolated areas of the territory, and
because the prevalence of obesity and diabetes are among the
greatest in France, notably in women younger than 35 years (5).
The selection criteria for screening for GDM in France are not
adapted to French Guiana, which has many different ethnic
groups, as described in the study by Cosson et al. (12)
Abbreviations: AME, Aide médicale d’état (state medical assistance); CGSS,
Caisse générale de sécurité sociale (general social security fund); CMU,
Couverture maladie universelle (universal health coverage); CMUc, Couverture
maladie universelle complémentaire (complementary universal health coverage);
DIM, Department of Medical Information; GDM, Gestational Diabetes Mellitus;
HbA1c, glycated hemoglobin; IADPSG, International Association of Diabetes and
Pregnancy Study Groups; INSEE, Institut National de la Statistique et des Etudes
Economiques (French National Institute of Statistics and Economic Studies);
WHO, World Health Organization.
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Although the incidence of macrosomia and caesarian section
in GDM are higher in low and middle-income countries, the
literature is scarce about the specific role played by poverty and
social deprivation in obstetrical and neonatal complications in
gestational diabetes mellitus. Furthermore, the impact of
universal screening, early treatment and monitoring of GDM is
unknown in particular in the most deprived populations.

The principal objective of this cross-sectional study is to
analyze the role of early and universal GDM screening on
obstetrical and neonatal complications in a socially
deprived population.

Furthermore, it is necessary to highlight the usefulness of
systematic screening and hospitalization in the obstetrical wards
for women with obstetrical complications or difficult access to
care from the 8th gestational month. The geographic isolation
and poverty of the population in this region makes it essential to
implement a locally appropriate, graduated care policy for the
treatment of GDM.
MATERIALS AND METHODS

Study Site
This single-center, prospective descriptive study took place at
Cayenne Hospital over a 6-month period (December 1, 2017
through June 1, 2018) with continuous data collection. Patients
were admitted to the adult diabetes outpatient, the short-stay unit,
or Cayenne Hospital’s maternity ward for complicated pregnancies.
There are 3 public hospitals in French Guiana, one in each main
coastal city and two private hospitals. The healthcare infrastructure
also comprises 17 health centers and 15 maternal and child-care
centers. There is only 1 Level III maternity in French Guiana located
in Cayenne hospital. Because of geographic distances, patients from
isolated areas –especially patients with diabetes— are usually
transferred to the Level III maternity unit from the 8th month of
pregnancy onward.

Inclusion and Exclusion Criteria
The inclusion criterion was a diagnosis of Gestational Diabetes
Mellitus according to the International Association of Diabetes
and Pregnancy Study Groups (IADPSG) criteria (13) in female
patients (age 18–46 years) hospitalized at Cayenne Hospital
during the study period. The exclusion criteria were: refusal to
provide written informed consent, preexisting type 1 or 2
diabetes, or failing to meet the inclusion criteria.

Definition of GDM
GDM was confirmed when fasting glycemia reached or exceeded
92 mg/dL (5.1 mmol/L). Furthermore, pregnant patients
undergo an oral glucose tolerance test with a 75-g glucose load
between 24 and 28 gestational weeks, and are diagnosed as
GDM if at least one plasma glucose measurement reaches
or exceeds the following thresholds: glycemia at t0 of >92
mg/dL (5.1 mmol/L) and/or 1-hour plasma glucose >180 mg/dL
(10.0 mmol/L) and/or 2-hour plasma glucose >153 mg/dL
(8.5 mmol/L) (14, 15).
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Study Conduct and Judgment Criteria
The total number of deliveries during the study period was 2136.
Among these, 223 patients were hospitalized and diagnosed with
GDM during the study period (data collected by the Department
of Medical Information [DIM]). Prevalence of GDM in Cayenne
was hence obtained by dividing the number of GDM cases by the
number of deliveries during the study period. Among the 223
women with GDM, a subsample of 110 women seen at the
diabetology day hospital –where they had the time, assistance
and if needed translation services to fill-in the social
questionnaire—were enrolled for further data collection and
laboratory testing (Figure 1 and Table 3). Laboratory blood
test were taken on the day of enrollment. When diagnosed with
GDM, patients are referred to our outpatient diabetology unit,
which allows them to access health education, dietitian and
diabetologist consultations; they are then monitored externally
by a nurse, in particular when they receive insulin, and by a
midwife trained in diabetes management. They are followed
(consultation) every 15 days by education nurses and are
required to send their daily blood sugar self-control to the
diabetology department.

Clinical and laboratory data as well as obstetrical and
neonatal complications were collected after the first medical
contact from electronic hospital and laboratory records. To
estimate precariousness, a binary variable was created to
differentiate between patients with a monthly income >1000
or <1000 euros, a threshold chosen to fit the definition of the
poverty line in French Guiana. A second variable was created to
differentiate between patients with monthly income >500
and <500 euros, a threshold chosen to look for extreme
poverty (16). Finally, unemployed patients were differentiated
from patients who were students or employed.

In addition, we differentiated patients who received state-
sponsored medical assistance (Aide Médicale Etat [AME]),
Frontiers in Endocrinology | www.frontiersin.org 3114
which is an emergency assistance for undocumented foreign
patients without health insurance. Moreover, we categorized
patients receiving universal health coverage (Couverture
Maladie Universelle [CMU]; low-income patients (French or
legal residents) receiving social insurance benefits) and other
patients with normal health insurance.

Statistical Analysis
Quantitative variables were expressed as median and
interquartile range. Qualitative variables were expressed as
frequencies and percentages. The means were compared using
Student’s t-test. Qualitative variables were compared with the
chi-square test. Variables related to the outcome on univariate
analysis were subsequently analyzed in a multivariate logistic
regression model. A p-value <0.05 was considered significant. All
statistical analyses were conducted using SPSS® software,
version 24.
RESULTS

Overall, during the 6-month study period, the medical
information system showed that GDM prevalence was 10.3%
(223/2136), (95% confidence interval (95%CI) = 9.17-11.8%).
Among the subsample who received the social questionnaire, the
mean age was 32.8 years [21-45 years], and the mother tongue
was mostly a foreign language and 40% of the women were
single; Most were unemployed and lived under poverty line
(<1000 euros per month) and half had a monthly income <500
euros; 70% benefited from universal health insurance (CMU) or
state medical aid (AME). The socioeconomic and language
characteristics are described in Table 1.

The overall mean number of pregnancies was 4.1 per woman
and the mean number of children was 2.3 (range 1-8). Patients
FIGURE 1 | Flow-chart Gestational Diabetes Mellitus patients included during the study period.
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with a history of multiple abortions were found to be at
significantly higher risk for obstetrical complications than
those without abortions (Table 3). Obstetrical history is
described in Table 1. Half of the women reported a family
history of diabetes, and 18 (16.5%) said they previously had
GDM. Two-thirds of patients (67%) had a history of one or more
obstetrical complications. Many women had a history of
obstetrical complication—most often in their country of origin
(80% in Haiti).

The mean gestational duration was 38 weeks and 1 day. Fifty
percent of patients were on a diet alone and 50% were on insulin
(detemir or glargine).

Present obstetric complications were: cesarean section
(32.7%), prematurity (12.7%), fetal heart arrhythmia (11.2%),
pre-eclampsia (7.4%), premature membrane rupture (5.6%), and
only 3 (2.8%) macrosomia (more than 4kg) (Table 2). Seventeen
newborns had complications (detailed in Table 2), the most
frequent was respiratory distress. One neonatal death, and one
loss to follow-up were reported. The mean infant length, head
circumference (HC), and weight were 48 cm, 34.1 cm, and
3086 g, respectively.

Nearly 77% of women had anemia (hemoglobin <11.5 g/dL;
n=82), and 6 patients (5.7%) had thrombocytopenia.
Frontiers in Endocrinology | www.frontiersin.org 4115
The glycated hemoglobin (HbA1c) and fructosamine
assays were abnormal (>5.9% and >285 µmol/L, respectively)
in 20 (20.8%) and 38 (39%) patients, respectively, of the 96
patients who were tested. Eighty-four patients underwent
microalbuminuria assay, 28.5% had abnormal results (>20 mg/L);
of these 24 patients, 2 (8%) had a history of chronic hypertension
and 2 (8%) preeclampsia.

Patients with a history of multiple abortions were found to be
at significantly higher risk for obstetrical complications than
those without abortions (Table 3). We found no significant
differences with regard to the occurrence of obstetrical
complications in patients with a history of GDM, familial
diabetes, macrosomia, preeclampsia, or abnormal values for
HbA1c, fructosamine or microalbuminuria (Table 3).

Important Negative Results
The cross tabulation of socioeconomic data with obstetrical
complications clearly showed a higher risk of complications in
French-speaking and English-speaking patients (Table 3).
Patients speaking Haitian Creole and/or with universal health
coverage, complementary universal health coverage, or state
medical assistance had significantly fewer obstetrical
complications (Table 3). There were no significant differences
for age, marital status, type of coverage, monthly income, or
occupation (Table 3).

No significant differences were found with regard to neonatal
complications based on the patient’s type of coverage, age,
monthly income, occupation, or a history of GDM, familial
diabetes, macrosomia, or preeclampsia. Abnormal HbA1c,
microalbuminuria, or elevated fructosamine were not
associated with a significantly higher rate of neonatal
complications. Boys had significantly fewer neonatal
complications (p=0.01) (Table 3).
DISCUSSION

We found that the prevalence in Cayenne (one of the two
maternity hospitals in the area) of gestational diabetes was
TABLE 1 | Medical and social criteria.

Number n Percentages (%)

Risk factors for gestational diabetes (GDM)
Family history of diabetes 49 44.5
History of GDM 18 16.5
History of macrosomia 11 10
Age > 35 years 55 50
Body mass index > 25 kg/m² (before
pregnancy)

26 * 74

Socioeconomic data
Unemployed 76 69
CMU/CMUc/AME 75 68
3 meals per day 93 85
Income < 1000 euros per month 64 58
Cardiovascular risk factors
History of high blood pressure 10 9
Dyslipidemia 1 1
Obstetric history
Miscarriages 26 24
Abortion 28 25.5
Cesarean 13 12
Ectopic pregnancy 2 2
Abortion for medical reasons 2 2
Spoken languages
French 83 75
Brazilian Portuguese 10 9
Haitian Creole 49 45
Guianese Creole 26 23.6
English 10 9
Spanish 12 11
Bushinengue 5 4.5
Macrosomia: newborn weighing more than 4kg, CMU, Couverture maladie universelle
(universal health coverage).
CMUc Couverture maladie universelle complémentaire (complementary universal health
coverage) AME, Aide médicale d’état (state medical assistance).
*on 35 available data.
TABLE 2 | Obstetrical and neonatal complications.

Number n Percentages (%)

Obstetric complications 31 28.9
Cesarean 36 32.7
Macrosomia 3 2.8
Premature membrane rupture 6 5.6
Retroplacental hematoma 2 1.9
Uterine rupture 2 1.9
Preeclampsia 8 7.4
Fetal heart arrythmia 12 11.2
Prematurity 14 12.7
Neonatal complications 17 15.5
Hypoglycemia 3 2.8
Respiratory distress 13 12.3
Maternal-fetal infection 8 7.4
Patent ductus arteriosus 2 1.9
Shoulder dystocia 1 0.9
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high at 10.3% of pregnancies. Despite variations between studies
with different diagnostic criteria, the observed prevalence is twice
the GDM prevalence in mainland France (hospital database) (10,
14, 17, 18). As in the West Indies and Reunion Islands,
prevalence of metabolic diseases is double of what is observed
in mainland France (4, 5, 19). Although, there are no published
studies focused on GDM prevalence and characteristics in
French Guiana, a general study on hospital deliveries between
2013 and 2014 observed 0.5% of preexisting diabetes, and a 4.7%
of gestational diabetes (615 on 12983 births) but probably
underestimated because less screened (realized before the
implementation of systematic screening, in 2015) (2). There
are only two maternity units where patients with gestational
diabetes or type two diabetes give birth, which limits
selection bias.

We showed that 81 patients (73.6%) had one ormore risk factors
for developing GDM. The main known risk factors were: age > 35
years (50%), family history of diabetes in a first or second-degree
relative (50%), history of GDM (16%) and ethnic characteristic
(black, and hispanic) (20). Several studies demonstrated the role of
maternal age as a risk factor within the framework of GDM
screening (7, 8, 21). The mean age in our study was indeed
similar to reports from France and worldwide (13, 14). Although
the risk of GDM in women older than 35 is often underestimated
(21), universal screening in French Guiana –the only French
territory to do so (22)—allows to avoid missing cases of GDM.

Sixty percent of women with GDM in Cayenne had a history
of obstetrical complications, 10% of macrosomia, and we
highlighted a frequent history of miscarriages in comparison
with other French territories, much higher than the 12% reported
in mainland France (23, 24). This high frequency miscarriages,
especially in Western French Guiana (43%), emphasizes the
challenges associated with monitoring difficult pregnancies.
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Despite the frequent history of a variety of adverse obstetrical
outcomes, the initial interview showed that most of these
complications in fact occurred in their country of origin (most
often Haiti). The literature on obstetrical and neonatal
complications in Haiti is very poor, but there is a significant
morbidity and mortality rate, particularly related to acute
complications during pregnancy (25, 26).

Health issues in French Guiana are shaped by intense
immigration and poverty, a shortage of health professionals,
and logistical constraints to ensuring continuity of care,
particularly in isolated areas. Most women included in the
study came from a foreign country.

Of the 110 patients having answered the social questionnaire,
nearly 1/3 had obstetrical complications. The rate of cesarean
delivery was higher for pregnancies complicated by GDM (36%)
than for normal pregnancies (27) or among women with GDM
in mainland France (27.8%) (8). Contrarily to what has been
reported elsewhere, there was no difference in cesarean section
rate between precarious and non-precarious women (28).

All complications cannot be attributed to GDM, in particular
pre-eclampsia, because the causes are often multifactorial, and
several metabolic problems and hypertension are intertwined
before pregnancy (2).

Half of patients in our study were receiving insulin. The high
prevalence of prepartum obesity in French Guiana may partially
explain the greater proportion of GDM patients treated with
insulin relative to mainland France. This frequent insulin
prescription is consistent with reports that the proportion of
patients treated with insulin increased with the patient’s BMI
(18). Moreover, insulin may be the only solution in difficult social
contexts where dietary modifications –the first treatment of
choice for GDM—is financially impossible (anti diabetic drugs
as being completely covered by the health insurance).
TABLE 3 | Bivariate analysis of socioeconomic and medical data in relation to onset of obstetric or neonatal complications.

Obstetric complications n (%) Neonatal complications (%)

Yes No p-value Yes No p-value

Socioeconomic data
AME 3 (15) 17 (85) 0,127 3 (15) 17 (85) 0.979
CMU/CMUc/AME 21 (28.7) 52 (71) 0.945 13 (17.8) 60 (82.2) 0.206
CMU/CMUc/AME + Haitian creole 8 (17.7) 37 (82.2) 0.03* 8 (17.8) 37 (82.2) 0.464
French-speaking 29 (36.2) 51 (63.7) 0.004* 14 (17.2) 67 (82.7) 0.211
Haitian creole-speaking 9 (18) 41 (82) 0.019* 8 (16) 42 (84) 0.748
English-speaking 6 (60) 4 (40) 0.023* 0 (0) 10 (100) 0.166
Income < 1000 euros 18 (28.5) 45 (71.4) 0.939 10 (62.5) 6 (37.5) 0.915
Unemployed 19 (26) 54 (73.9) 0.325 11(68.7) 5 (31.2) 0.864
History and risk factors
History of gestational diabetes (GD) 3 (16.6) 15 (83.3) 0.18 2 (11.1) 16 (88.9) 0.592
Family history of diabetes 16 (33.3) 32 (66.6) 0.256 7 (14.5) 41 (85.4) 1
Macrosomia 2 (18.1) 9 (81.8) 0.418 1 (9) 10 (90.9) 0.601
History of abortion 13 (46.4) 15 (53.5) 0.015* 2 (20) 8 (80) 0.979
History of preeclampsia 5 (50) 5 (50) 0.113 4 (14.2) 24 (85.7) 0.586
Lab tests
Fructosamine (> 285 μmol/L) 4 (11.4) 31 (88.5) 0.024* 2 (5.6) 34 (94.4) 0.072
Microalbuminuria (> 20 mg>/L) 7 (29.1) 17 (70.8) 0.517 6 (25) 18 (75) 0.082
HbA1c (> 5.9%) 4 (20) 10 (80) 0.207 3 (15) 17 (85) 0.160
May 2021
 | Volume 12 | Article
CMU, Couverture maladie universelle (universal health coverage).
*significant (p-value < 0.05).
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GDM increases obstetrical and neonatal complications and
early screening and management is necessary to prevent them
(29–31). The biological markers for determining GDM
fructosamine and, more rarely, HbA1c were elevated in 39%
and 11% of patients, respectively. No significant difference was
shown for HbA1c in relation to the risk of onset of obstetrical
and/or neonatal complications. The interest of the HbA1c assay
during pregnancy is controversial but most agree that its interest
is limited compared to screening according to the IASPDG
criteria (32); indeed, it represents the average blood sugar level
from the previous 2 or 3 months, and it increases during iron
deficiency with or without anaemia (33). The cut off
corresponding to the level of HbA1c which must be considered
as predictor of adverse obstetric outcomes during pregnancy has
not been established, and varies between 5.55 (34) and 5.9% (35).
Moreover, fructosamine is not a reliable biological marker in
screening for GDM because it lacks sensitivity (36, 37). Very few
studies have evaluated its connection with neonatal outcomes,
and the results are inconsistent (17, 38). Nevertheless, recent
studies showed that fructosamine is a better predictor
of birthweight and large-for-gestational age infants than
HbA1c (17).

Several studies showed that microalbuminuria at the
end of the second trimester of a nondiabetic pregnancy
could increase the risks of preterm labor, preeclampsia,
intrauterine growth restriction, and premature membrane
rupture (39–41). In our study however microalbuminuria
was not associated with higher risk of neonatal or
obstetrical complication.

Fifteen and a half-percent of newborns from mothers with
GDM had one or more complications. The commonest
complications were respiratory distress and feto-maternal
infections; Hypoglycemia, macrosomia and shoulder dystocia
were very rare. GDM treatment decreases the risk of
macrosomia, large for gestational age births, and shoulder
dystocia but not neonatal hypoglycemia, preterm births, pre-
eclampsia, or caesarean section (27). Macrosomia has been
reported in 15% of newborns from a cohort of GDM mothers
in France, with a 3.6% rate of respiratory distress at birth (14). In
contrast, in French Guiana, the prevalence of macrosomia
(2.6%), corrected for age and sex, was low, despite frequent
social precariousness (42). In Cuba, Cruz et al. found
macrosomia rates of 10% to 20% (7). This difference between
our study and the prevalence of macrosomia in neighboring
countries or in South America, where precariousness is also
frequent, is probably linked with the routine hospital admission
of high-risk pregnancies in French Guiana during the last 2
months and/or weekly follow-up in multidisciplinary
consultations for patients with easy mobility.

Many of our patients had previously given birth in a country
with limited healthcare resources and difficulties in access to
care, and screening was late. In French Guiana, these women
benefitted from stringent monitoring because they are
specifically at high risk of complications. In Caribbean and
Latin American countries, complications are higher than in
French Guiana despite comparable precariousness and
Frontiers in Endocrinology | www.frontiersin.org 6117
gestational diabetes (43). In 2015, a French study carried out
on a precarious population, revealed a more precocious onset of
gestational death, more shoulder dystocia and more large for
gestational age infants (44). However, women from Surinam or
Guyana –but not Haiti—had more obstetrical complications
than other patients; Perhaps this is due to language difficulties,
cultural representations and social obstacles to regular care
and monitoring.

Although the prevalence estimation had a narrow confidence
interval, our descriptive study’s weakness was linked to its small
sample size and lack of statistical power. Moreover, there was no
postpartum follow-up, which is an essential part of metabolic
screening. Patients were contacted again after delivery, but
postpartum data collection was difficult because, most patients
had not had their fasting glucose levels checked or could not be
reached, which is another characteristic of vulnerable
populations in French Guiana.
CONCLUSION

Gestational diabetes is very common in French Guiana, where
screening is universal. The population in our study was poor and
culturally diverse. Cesarean delivery and preeclampsia were the
main obstetrical complications identified, while the main
neonatal complications were prematurity and respiratory
distress. The rate of macrosomia, however, was very low in our
population. GDM screening and intensive follow-up of
psychosocial deprivation pregnancies in French Guiana is a
major advantage, and clearly makes it possible to limit
common GDM complications.
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Bloom Syndrome
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Bloom syndrome (BS) is a rare autosomal recessive disorder that causes several
endocrine abnormalities. So far, only one BS pedigree, without diabetes, has been
reported in the Chinese population. We presented the first case of BS with diabetes in
the Chinese population and explored the clinical spectrum associated with endocrine.
Possible molecular mechanisms were also investigated. Our study indicated that BS may
be one rare cause of diabetes in the Chinese population. We also found a new pathogenic
sequence variant in BLM (BLM RecQ like helicase gene)(NM_000057.4) c.692T>G, which
may expand the spectrum of BLM variants.

Keywords: Bloom syndrome, diabetes, short stature, azoospermia, leptin
INTRODUCTION

Bloom syndrome (BS) was first reported by Bloom, a dermatologist, in 1954, and there are currently
no more than 300 cases of BS reported worldwide. BS is a rare cause of diabetes, and no cases of
diabetes in the Chinese population have been reported. BS can lead to clinical phenotypes including
many other endocrine abnormalities, which required attention from endocrinologists. This study
aimed to improve the understanding of BS from the perspective of endocrinologists.
CASE REPORT

The patient was a 19-year-old male. He was born in full-term, with a weight of 1.8 kilograms (kg)
and a height of 40 centimeters (cm). Apart from growth failure, no developmental delay was
presented. He reached his final height of 143 cm at his 14s and his maximum weight was 42 kg at his
15s. The patient repeatedly experienced infection of the upper respiratory tract during his
childhood, and he was diagnosed with “acute type A hepatitis” at his 1.5 years. He was also
diagnosed with “cytomegalovirus pneumonia” at 8 years old. The patient showed facial erythema
since he was 2 years old. One year ago, the patient developed well-demarcated patchy areas of
hypopigmentation and hyperpigmentation. In 2013, when he was 13 years old, the patient started to
experience polydipsia, polyphagia, and polyuria. His fasting blood glucose (FBG) was revealed to be
19 mmol/L, and the urinary ketone body was positive. C-peptide level and type 1 diabetes-related
auto-antibodies were unknown. Though with 14 units insulin aspart for each meal and 21 units
glargine insulin a day, his blood glucose was not controlled well (FBG 8-14 mmol/L, and 2 hours
postprandial glucose 10-18 mmol/L). Four years after diabetes onset, his fasting C-peptide (FCP)
was 1.70 ng/mL and 2 hours postprandial C peptide (2hCP) was 3.19 ng/mL, with simultaneous
n.org June 2021 | Volume 12 | Article 5242421120
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FBG 13 mmol/L and 2 hours postprandial glucose (2hPG)
27 mmol/L. Glycated hemoglobin (HbA1c) was 10%. In
January 2019, a total of 36 U insulin aspart and insulin
glargine 38 U per day still failed to control his glucose. In June
2019, the patient went to our department.

The proband’s parents denied consanguinity. His grandmother
was diagnosed with type 2 diabetes (T2D) in her 60s. His father was
also diagnosed with T2D when he was 43 years old, with a body
mass index (BMI) of 33.1 kg/m2. Physical examination revealed a
height of 143 cm and a weight of 37 kg (BMI 18.09 kg/m2), his waist
circumference was only 60 cm. Symmetrical erythema can be seen
on his face (Figure 1), areas of hypopigmentation and
hyperpigmentation scattered. Tanner stage was V, with a length
of penis 6 cm and the volume of bilateral testes was 8 ml,
respectively. No other abnormalities discovered. BS was suspected
and further clinical investigation was implemented.

His glycated albumin (GA%) was 22.4% and HbA1c was 10.2%,
which suggested poor glycemic control with a high dose of insulin
(2 U/kg·d, 74 units per day). FCP was 0.43 ng/mL, and 2hCP was
1.91 ng/mL, while synchronous FBG was 9.3 mmol/L and 2hPG
was 15.7 mmol/L, indicating islet dysfunction. Hyperlipidemia did
not exist: total cholesterol (TC) 2.85 mmol/L, triglyceride (TG)
1.06 mmol/L, high density lipoprotein cholesterol (HDL-C)
1.06 mmol/L, low density lipoprotein cholesterol (LDL-C)
1.41 mmol/L. However, an abdominal ultrasound indicated fatty
liver. The level of leptin was only 0.5 ng/mL. Quantitative MRI of fat
did not suggest a reduction or abnormal distribution of fat
(Figure 2). Metformin 0.5g tid and pioglitazone 30mg qd were
added, while the total amount of insulin reduced from 74 units to
64 units per day. His FBG was 5-8 mmol/L and 2hPG was 8-
12 mmol/L. Though the patient seemed normal in puberty
development, his level of follicle-stimulating hormone (FSH) was
as high as 19.36 IU/L, with normal luteinizing hormone (LH) of
7.17 IU/L and testosterone (T) of 4.64 ng/ml. No sperms were
detected in his semen. No abnormality of hypothalamic-pituitary-
adrenal axis and the hypothalamic-pituitary-thyroid were revealed.
Growth hormone (GH) 0.3 ng/ml and insulin-like growth factor 1
(IGF1) 36 ng/ml were normal. Blood parathyroid hormone, calcium
and phosphorus were all within the normal range.

This study was approved by the Ethics Committee of PUMCH
(Approval number is JS-1233) and informed consent was obtained
Frontiers in Endocrinology | www.frontiersin.org 2121
from the proband and his parents. The genomic DNA of the
proband and his parents were extracted from peripheral blood
using the DNA extraction kit of Beijing Tiangen Biochemical
Technology Co., Ltd. The PCR product was identified by 1.5%
agarose gel electrophoresis, purified and sequenced using ABI 3730
automatic sequencer (Applied Biosystems, USA). The results were
analyzed by DNAStar6.0 software (Lasergene, USA) subroutine
SeqMan. The standard sequence was based on the NCBI database
candidate gene reference sequence.

The proband had heterozygous BLM (BLM RecQ like helicase
gene) variants (NM_000057.4), c.692T>G (p.Leu231*) and
c.1544delA (p.Asn515Metfs*16) heterozygous variants, inherited
from their parents, respectively (Figures 3 and 4). BLM
c.1544delA (p.Asn515Metfs*16) has been reported to be
pathogenic (1). BLM c.692T>G (p.Leu231*), which results in a
truncated protein, was neither found in ExAC nor 1000G. The
sequence variant was assigned to be pathogenic (PVS1+PP3+PP4)
according to the guidelines of the American Society of Medical
Genetics and Genomics (ACMG).
DISCUSSION

BS (OMIM 210900) is an autosomal recessive hereditary disease
caused by a sequence variant in the BLM on chromosome
15q26.1, which encodes RecQ helicase (RECQL3). RecQ
helicase is an important DNA helicase during DNA replication
and repairmen, maintaining DNA stability when DNA double
strands are unfolded. BS is rare, with no more than 300 cases
reported globally and about one-third of the patients are German
Jews (1). At present, only one family of BS without diabetes is
reported in China (2). Carbohydrate and lipid metabolism, as
well as growth and development disorder, may be involved in BS.
However, a detailed description of endocrine system
involvement from an endocrinologist perspective is scarce.

BS is a rare cause of diabetes. According to the BS registration
system (https://www.ncbi.nlm.nih.gov/books/NBK1398/), 16% of
patients with BS have T2D. However, different from typical T2D,
patients with BS developed diabetes at a younger age and have a
lower BMI. The pathogenesis of diabetes in patients with BS is
unclear. Diaz et al. suggested that insulin resistance plays an
FIGURE 1 | Symmetrical erythema on the patient’s face.
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important role in the glucose metabolism of BS (3). In our case, a
high dose of insulin failed to control blood glucose, which indicated
that the patient had significant insulin resistance. However, it is
worth noting that, similar to our patient, none of the BS patients
Frontiers in Endocrinology | www.frontiersin.org 3122
had acanthosis nigricans. As we have known, insulin resistance is
related to abnormal secretion of adipokines (1). His leptin level
was 0.5 ng/mL, which suggested that abnormal adipokines
secretion might be involved in the pathogenesis of his diabetes.
FIGURE 2 | Quantitative MRI of fat of the proband. No reduction or abnormal distribution of fat was presented.
A B

FIGURE 3 | Results of Sanger sequencing of BLM of the proband. The red arrows indicate the c.1544delA (p.Asn515Metfs*16) (A) and c.692T>G (p.Leu231*)
(B) heterozygous variants.
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However, unlike diabetes resulted from lipoatrophy, no
significant dyslipidemia was presented in our patient, and
quantification and distribution of fat were still within the
normal range. It is also worth noting that our patient occurred
ketosis at the onset of diabetes, and his islet function was poorer
compared with classical T2D, suggesting that islet failure
may also be involved in patients with BS. Our finding supports
the conclusion from Kondo et al. that insulin-dependent diabetes
can also be developed in early adulthood in BS (4). In a word,
insulin resistance and islet b-cell dysfunction may both
be involved in the development of diabetes in patients with BS.
By combining metformin and pioglitazone based on insulin, our
patient’s blood glucose was well controlled. Moreover, the risk of
cancers in BS is high, resulting in their short lifetime. As
metformin is beneficial for reducing hyperglycemia-induced
genome instability (5), which might make it count in
improving clinical outcomes of BS patients. In addition to
diabetes, patients with BS can also have other endocrine
abnormalities. BS patients often come to an endocrinologist
because of their short stature. It is extremely important for an
endocrinologist to recognize BS and then avoid GH treatment.
Frontiers in Endocrinology | www.frontiersin.org 4123
As for patients with hypogonadism or azoospermia, BS should be
included in the differential diagnosis.

BLM is the only known gene that causes BS. For now, less than
80 pathogenic sequence variants have been identified (http://www.
hgmd.cf.ac.uk/ac/gene.php?gene=BLM). The homozygote at the
2281 position of the 6 bp deletion and the 7 bp insertion is
referred to as blmAsh. The presence of blmAsh in over 95% of the
BS chromosomes is due to the co-founder’s ancestry inheritance.
The BLM sequence variants so far identified have also suggested
additional founder sequence variants. Among 64 different sequence
variants that were reported by German et al, 19 were recurrent (6).
No recurrent sequence variant has been found in Chinese BS. In the
only reported Chinese BS pedigree, the proband carried a reported
heterozygous sequence variant c.772_773delCT and a new sequence
variant c.959 +2T>A (2). In our proband, BLM c.1544delA has been
reported, while BLM c.692T>G is a new sequence variant.
Our research expanded the BS genetic spectrum. However,
functional tests in vivo and vitro are necessary to further establish
pathogenicity of the new variant, and sequencing of genomic DNA
in more family members may help to deepen our understanding of
BLM variants.
FIGURE 4 | Family pedigree. Filled black symbols represent individuals with diabetes. The red arrow indicates the proband.
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In conclusion, we present the first case of BS with diabetes in
the Chinese population, indicating BS may be one rare cause of
diabetes in the Chinese population. In this study, the sequence
variant of BLM c.1544delA has been reported, while BLM
c.692T>G is a new sequence variant, which may expand the
spectrum of BLM variants.
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Aim: This study aimed to investigate the role of nerve conduction studies (NCS)
and sympathetic skin response (SSR) in evaluating diabetic cardiac autonomic
neuropathy (DCAN).

Methods: DCAN was diagnosed using the Ewing test combined with heart rate variability
analysis. NCS and SSR were assessed by electrophysiological methods. The association
between NCS/SSR and DCAN was assessed via multivariate regression and receiver-
operating characteristic analyses.

Results: The amplitude and conduction velocity of the motor/sensory nerve were found
to be significantly lower in the DCAN+ group (all P < 0.05). A lower amplitude of peroneal
nerve motor fiber was found to be associated with increased odds for DCAN (OR 2.77,
P < 0.05). The SSR amplitude was lower while the SSR latency was longer in the DCAN+
group than in the DCAN– group. The receiver-operating characteristic analysis revealed
that the optimal cutoff points of upper/lower limb amplitude of SSR to indicate DCAN were
1.40 mV (sensitivity, 61.9%; specificity, 66.3%, P < 0.001) and 0.85 mV (sensitivity,
66.7%; specificity, 68.5%, P < 0.001), respectively. The optimal cutoff points of upper/
lower limb latency to indicate DCAN were 1.40 s (sensitivity, 61.9%; specificity, 62%, P <
0.05) and 1.81 s (sensitivity, 69.0%; specificity, 52.2%, P < 0.05), respectively.

Conclusions: NCS and SSR are reliable methods to detect DCAN. Abnormality in the
peroneal nerve (motor nerve) is crucial in predicting DCAN. SSR may help predict DCAN.

Keywords: diabetic cardiac autonomic neuropathy, Ewing test, heart rate variability, nerve conduction, sympathetic
skin response, T2DM
INTRODUCTION

Diabetic cardiac autonomic neuropathy (DCAN) is a serious long-term complication of diabetes
mellitus (DM). It results from chronic damage to autonomic nerve fibers that innervate the heart
and blood vessels, in turn causing abnormalities in heart rate and vascular dynamics. It significantly
increases the morbidity and mortality of patients with diabetes (1, 2). Early diagnosis of DCANmay
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reduce the risk of painless myocardial ischemia, myocardial
infarction, and sudden cardiac death associated with DCAN
(3). Therefore, the American Diabetes Association (ADA)
recommends that the clinical screening for DCAN should be
routinely performed in patients with diabetes (4).

Screening for DCAN is important because it is a frequently
overlooked complication of diabetes, especially in the early stage.
The Ewing test and heart rate variability (HRV) analysis are
recommended by the ADA as the diagnostic tests for DCAN (5).
The Ewing test, which assesses autonomic reflexes by measuring
heart rate and blood pressure during activities such as the
Valsalva, deep breathing, or standing, is a classic clinical test
for cardiac autonomic neuropathy. However, it is a semi-
quantitative method and relies on patients’ cooperation, and its
interpretation is operator dependent. HRV analysis provides
indirect insight into autonomic nervous system tone and plays
a well-established role as a marker of cardiovascular risk (6).

HRV is composed of time-domain and frequency-domain
components, but it does not estimate cardiac reflexes (7, 8). Some
prior studies have demonstrated that the diagnostic specificity
can be increased by combining the results of the Ewing test and
HRV (5, 9), which was the approach used in this study.

Objective examinations that can identify DCAN during its
early stage are critical. Considering that Ewing test and HRV
analysis tests are time-consuming and require a high degree of
cooperation from patients, it is difficult to screen for every
diabetic patient in clinical work. Therefore, it is important to
find a more convenient method to screen DCAN. Nerve
conduction studies (NCS) and the sympathetic skin response
(SSR) are routinely employed in the diagnosis of diabetic
peripheral neuropathy (10, 11), which may be useful in
identifying patients at high risk for DCAN. The present study
was designed to investigate the role of NCS and SSR in the
evaluation of DCAN in type 2 diabetes mellitus (T2DM).
MATERIALS AND METHODS

Study Design
This cross-sectional, open-label, controlled clinical study was
performed to explore the role of nerve conduction studies (NCS)
and sympathetic skin response (SSR) in evaluating diabetic
cardiac autonomic neuropathy (DCAN). Participants were
recruited from the inpatients at the Department of
Endocrinology of Nanfang Hospital. This study was reviewed
and received ethical approval from the Ethics Committee of
Nanfang Hospital, Southern Medical University. Written
consent was obtained from all study participants at the time of
enrollment. The Chinese Clinical Trials Registration Number
is ChiCTR1900020491.

The inclusion criteria were as follows: age more than 18 years
and current diagnosis of T2DM.

The exclusion criteria were as follows: inability to undertake
the examination, neurological or autonomic disorders caused by
other diseases (Guillain–Barre syndrome, Shy–Drager syndrome,
and so forth), history of coronary artery disease (such as
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myocardial infarction or angina), arrhythmia, severe heart
failure, malignant tumor, limb trauma, chronic rheumatic
disease, thyroid function abnormalities, severe psychiatric
disorders that interfered with the patient’s ability to complete
study procedures, severe hepatic or renal dysfunction [GFR <
30 mL/(min · 1.73 m2)], alcohol abuse (women 14 units per week
and men 21 units per week in the last year), intake of neurotoxic
medications or beta-blockers, vitamin B12 deficiency,
and pregnancy.

The participants’ clinical data, including sex, age, duration of
diabetes, height, body weight, body mass index (BMI), and
smoking history, were recorded. Laboratory measurements,
including triglyceride (TG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL), low-density lipoprotein
cholesterol (LDL), fasting plasma glucose (FPG), postprandial
blood glucose (PBG), glycosylated hemoglobin (HbA1c), fasting
C-peptide (FCP), and fasting insulin (FINS), were obtained after
an 8-h fast.

Ewing Test and HRV Analysis
The presence of DCAN was first assessed by measuring the four
cardiovascular reflexes as described by Ewing in 1970: heart rate
variation with deep breathing with an assessment of expiration to
inspiration (E/I) ratio, heart rate analysis in the standing position
(the 30 s/15 s ratio), Valsalva ratio, and blood pressure response
to positional changes from lying to standing (orthostatic
hypotension, OH) (12, 13). Three of these tests assessed the
parasympathetic functions, such as E/I ratio, 30 s/15 s ratio, and
Valsalva ratio, while OH assessed the sympathetic function (14)
primarily. An E/I ratio more than the age-specific reference
value, a Valsalva ratio ≥1.21, a posture ratio ≥1.04, and a
systolic blood pressure reduction in response to the standing of
≤10 mmHg were considered normal. An E/I ratio below the age-
adjusted values, a Valsalva ratio ≤1.10, a posture ratio ≤1.00, and
a systolic blood pressure fall in response to the standing of ≥20
mm Hg were considered abnormal. Values that fell between
normal and abnormal were considered borderline. Each of these
four tests was assigned a score of 0 for normal, 0.5 for borderline,
and 1 for abnormal results; the sum of these four scores made up
the Ewing score, which was used to assess the severity of DCAN.
An Ewing score ≥2 was considered abnormal. Participants were
instructed to avoid food and particular pharmacological agents
(antidepressants, neuroleptics, nicotine, and caffeine) for 12 h
preceding the examination.

HRV was evaluated according to the European Society of
Cardiology guidelines (15) using a 24-h Holter monitor. Time-
domain HRV and frequency-domain HRV indexes were
analyzed. Time-domain HRV indexes included the standard
deviation (SD) of all normal-to-normal (NN) intervals
(SDNN), SD of the average NN intervals calculated over 5-min
periods of the entire recording (SDANN), root mean square
successive difference in the R-R interval (rMSSD, ms), and
percentage of adjacent RR intervals with a difference of
duration greater 50ms (PNN50, %). The frequency-domain
HRV indexes included low-frequency power (LF, ms2) and
high-frequency power (HF, ms2). HRV was considered
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abnormal if at least two of the following six abnormal parameters
were met: SDNN <50 ms, SDANN <40 ms, PNN50 <0.75%,
rMSSD <15 ms, LF <300 ms2, and HF <300 ms2 (15, 16).

In this study, the presence of DCAN (DCAN+) was defined as
having both an abnormal Ewing score (≥2) and an abnormal
HRV analysis (≥2 abnormal parameters).

Electrophysiologic Evaluation
NCS were performed using the Viking Quest (Nicolet VIASYS
Healthcare, USA). Skin temperature was maintained above 32°C
in the upper limbs and above 31°C in the lower limbs. The
filtering frequency was 20 Hz to 10 kHz. The compound muscle
action potential (CMAP) amplitude, latency, and motor
conduction velocity (CV) of the median, ulnar, posterior tibial,
and peroneal nerves were recorded. The CMAP amplitude was
recorded from peak to peak by a supramaximal stimulation. The
supramaximal stimulation was defined as 10% addition of
stimulation charge after CMAP amplitude reaches its
maximum. The measurements of sensory nerve action
potential (SNAP) amplitude, latency, and sensory conduction
velocity (CV) of the median, ulnar, and sural nerves were
recorded also by supramaximal stimulation. The mean value of
20 results was taken for the sensory NCS. For each individual, the
mean of the motor nerve amplitude was calculated using the
following formula: Amplitude of motor nerve = (Amplitude of
median nerve M + Amplitude of ulnar nerve M+ Amplitude of
posterior tibial nerve M + Amplitude of peroneal nerve M)/4.
The means of motor nerve CV, sensory nerve amplitude, and
sensory nerve CV were calculated using the same method.

In the present study, diabetic peripheral neuropathy (DPN)
was defined as the present of one or more abnormal nerve
conduction result (amplitude or CV) in at least two different
peripheral nerve (10).

Sympathetic Skin Response
The SSR was studied using the standard method (17). The room
temperature was maintained at 25°C–26°C. A standard
electromyographic active electrode was attached to the right
palm and sole and the reference electrode to the dorsum of the
hand and foot. The stimulus used was a single electrical stimulus
at the right wrist of 10 mA for 100ms duration. This stimulation
procedure was standardized in previous studies on fibromyalgia
and correlated with symptoms (18). Stimuli were delivered
unexpectedly and at random intervals between 30 and 60 s.
Five consecutive stimuli were delivered. The latency was
measured from the onset of the stimulus artifact to the onset
of the first negative deflection and expressed in seconds. The
amplitude was measured from the baseline to the maximal
negative peak and expressed in mV. The response was
considered absent if no consistent voltage change occurred
using a sensitivity of 50 mV per division after three trials at
maximum stimulus intensity. Response latencies were
considered pathological when exceeding two SD more than the
mean latency in the control group. The SSR habituation was
considered as the percent rate of the maximal amplitude change
between the fifth and the first response. A value less than 1
indicated habituation.
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Statistical Analysis
For continuous variables, the results were presented as the
mean ± SD if normally distributed, and median (interquartile
range, IQR) if nonnormally distributed. The Student t test
(normally distributed data) and the Kruskal–Wallis test
(nonparametric data) were employed to examine differences
between groups. Categorical data were analyzed using Pearson’s
c2 test. Multivariate logistic regression was performed to
determine which nerve parameter had the greatest predictive
value for the diagnosis of DCAN. Receiver-operating
characteristic (ROC) analysis was performed to assess the
optimal SSR cutoff for indicating DCAN. A two-sided P < 0.05
was assumed to be statistically significant, while P < 0.001 was
taken as highly significant. All statistical analyses were performed
using SPSS statistics software (version 20.0, 2011; IBM, USA).
RESULTS

Clinical Characteristics of Participants
From January 2019 to June 2019, 172 patients with T2DM were
screened for inclusion in this study. Of these, 38 patients were
excluded based on the listed exclusion criteria, and the remaining
134 participants were enrolled. Further, 42 patients (31.34%)
were diagnosed with DCAN as described early (both positive
Ewing test and positive HRV analysis). The average test results in
each group are shown in Table 1. The baseline clinical and
laboratory characteristics of the patients are also shown in
Table 1. Patients with DCAN were more likely to be male
compared with controls (P < 0.05), and were older (P < 0.001).
Participants with DCAN also had a slightly lower FPG (P < 0.05).
Diabetes duration, smoking, BMI, blood pressure, TG, TC, HDL,
LDL, PBG, HbA1c, FCP, and FINS were similar between the
two groups.

Ewing Test Parameters Between DCAN+
and DCAN– Groups
Statistically significant differences were observed in E/I ratio (P <
0.001), Valsalva ratio (P < 0.001), 30 s/15 s ratio (P < 0.001), OH
(P < 0.05), and Ewing score (P < 0.001) between DCAN+ group
and DCAN– group (Supplementary Table 1).

HRV Parameters Between DCAN+ and
DCAN– Groups
Statistically significant differences were found in SDANN (P <
0.05), LF (P < 0.001), and HF (P < 0.001) between DCAN+ and
DCAN– groups, while SDNN, rMSSD, and pNN50 were similar
between the two groups (Supplementary Table 2).

NCS Parameters Between DCAN+ and
DCAN– Groups
There are 78.57% (33/42) patients diagnosed as DPN (based on
NCS test) in DCAN group, while 59.78% (55/92) in non-DCAN
group (P < 0.05). The averaged NCS results of different motor and
sensory nerves were compared in Table 2. The amplitude (7.96 ±
2.66mV vs. 9.60 ± 2.22mV, P < 0.001) and CV (44.22 ± 5.10m/s vs.
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46.62 ± 3.96 m/s, P < 0.05) of the motor nerve were lower in the
DCAN+ group than in the DCAN– group. Similarly, the sensory
amplitude (17.90 ± 13.66 mV vs. 26.24 ± 11.92 mV, P < 0.001) and
CV (48.13 ± 7.27 m/s vs. 51.16 ± 6.23 m/s, P < 0.05) were
significantly lower in the DCAN+ group than in the DCAN–
group (Table 2).

Nerve Conduction for DCAN in
Multivariate Logistic Regression
For logistic regression, the continuous variables were transformed
into grade variables according to the reference value. Multivariate
logistic regression analysiswas performedwithDCANas dependent
variables and the amplitude/CV of motor nerve for the median,
ulnar, posterior tibial, and peroneal nerves as independent variables.
Similarly, multivariate logistic regression analysis was performed
with DCAN as dependent variables and the amplitude/CV of
sensory nerve for the median, ulnar, and sural nerves as
independent variables. As shown in Table 3, a lower amplitude of
motor fiber of the peroneal nerve was found to demonstrate an
increased risk for DCAN (OR 2.77, 95% CI 1.20–6.44, P < 0.05).
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SSR Value in DCAN+ and DCAN– Groups
The SSR amplitude of the upper limb [0.99 (0.16–2.70) mV vs.
2.18 (1.19–3.48) mV, P < 0.001] and lower limb [0.44 (0.13–1.38)
mV vs. 1.17 (0.73–1.97) mV, P < 0.001] were lower in the DCAN
+ group than in the DCAN– group. The SSR latency of the upper
limb [1.49 (1.32–2.21) svs. 1.36 (1.23–1.46) s, P < 0.05] and lower
limb [1.99 (1.76–3.26) s vs. 1.79 (1.62–1.93) s, P < 0.001] were
higher in the DCAN+ group than in the DCAN–
group (Table 4).

ROC Analysis of SSR to Predict DCAN in
Patients With T2DM
ROC analysis revealed that the cutoff points of upper limb
amplitude and lower limb amplitude, which maximized both
the sensitivity and specificity to indicate DCAN, were 1.40 mV
(AUC = 0.70; 95% CI: 0.59–0.80; sensitivity, 61.9%; specificity,
66.3%, P < 0.001) and 0.85 mV (AUC = 0.70; 95% CI: 0.60–0.80;
sensitivity, 66.7%; specificity, 68.5%, P < 0.001), respectively.
Similarly, the optimal cutoff points of upper limb latency and
lower limb latency to indicate DCAN were 1.40 s (AUC = 0.67;
95% CI: 0.57–0.77; sensitivity, 61.9%; specificity, 62%, P < 0.05)
and 1.81 s (AUC = 0.66; 95% CI: 0.55–0.77; sensitivity, 69.0%;
specificity, 52.2%, P < 0.05), respectively (Figure 1).
TABLE 2 | Nerve conduction of patients with T2DM and DCAN versus those
without DCAN.

DCAN+ (n = 42) DCAN– (n = 92) P

Motor nerve Amp (mV) 7.96 ± 2.66 9.60 ± 2.22 <0.001**
CV (m/s) 44.22 ± 5.10 46.62 ± 3.96 <0.05*

Sensory nerve Amp (mV) 17.90 ± 13.66 26.24 ± 11.92 <0.001**
CV (m/s) 48.13 ± 7.27 51.16 ± 6.23 <0.05*
Data were presented as mean ± SD. Differences between the groups were analyzed using
unpaired-sample t test.
Amp, Amplitude; CV, conduction velocity.
*P < 0.05, **P < 0.001.
TABLE 1 | Clinical characteristics of patients with T2DM and DCAN versus those without DCAN.

DCAN+ (n = 42) DCAN– (n = 92) P

Sex (M/F) 30/12 48/44 <0.05*
Age (year) 63.86 ± 10.57 55.35 ± 12.63 <0.001**
Duration (year) 10.13 ± 7.59 8.25 ± 6.79 n.s.
Smoking (%) 26.5% 32.5% n.s.
BMI (kg/m2) 24.22 ± 3.51 23.20 ± 3.09 n.s.
SBP (mm Hg) 148.38 ± 26.73 140.07 ± 24.11 n.s.
DBP (mm Hg) 81.95 ± 12.66 82.70 ± 11.45 n.s.
TG (mmol/L) 2.08 ± 1.83 1.82 ± 1.27 n.s.
TC (mmol/L) 4.55 ± 1.83 4.95 ± 1.57 n.s.
HDL (mmol/L) 0.97 ± 0.29 1.03 ± 0.28 n.s.
LDL (mmol/L) 2.85 ± 1.28 3.08 ± 0.99 n.s.
FPG (mmol/L) 8.45 ± 2.98 8.66 ± 3.34 <0.05*
PBG (mmol/L) 15.27 ± 7.30 14.97 ± 5.63 n.s.
HbA1c(%) 8.83 ± 2.74 9.62 ± 2.65 n.s.
FCP (ng/mL) 2.96 (1.07–3.69) 1.69 (1.02–2.73) n.s.
FINS (mU/mL) 8.81 (3.60–15.44) 6.69 (3.49–13.79) n.s.
September 2021 | Volume 12 | Articl
Values were expressed as mean ± SD for normally distributed data and median with interquartile range for nonnormally distributed data, or n (%). Differences between the groups were
analyzed using independent-sample t test for normally distributed values and using the Kruskal–Wallis test for nonparametric values. Pearson’s c2 test was employed to analyze categorical
data. BMI, Body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FCP, fasting C-peptide; FINS, fasting insulin; FPG, fasting plasma glucose; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; PBG, postprandial blood glucose; TG, triglycerides; TC, total cholesterol.
*P < 0.05, **P < 0.001.
n.s., Not significant.
TABLE 3 | Nerve conduction for DCAN in multivariate logistic regression.

Variables Odds ratio (95% Cl) P value

Peroneal nerve M Amp
>2.6 mV 1 (Ref.)
<2.6 mV 2.77 (1.20–6.44) <0.05*
e

M, motor nerve; Amp, Amplitude.
*P < 0.05.
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DISCUSSION

DCAN results from damage to nerve fibers within the
parasympathetic and sympathetic nervous systems. It is one of
the leading causes of heart arrhythmias and is an independent
risk factor for cardiovascular mortality among patients with
diabetes. Early diagnosis and intervention in patients with
T2DM can reduce DCAN progression. Recent guidelines
strongly recommend screening for DCAN in patients with
diabetes because the progression of cardiovascular denervation
is partly reversible or can be slowed in the early stages of the
disease (19).

In the present study, the overall prevalence of DCAN in a
sample of patients with diabetes was 31.34%. The prevalence
reported in previous studies ranged from 25% to 75% in
patients with T2DM (1, 20, 21). The significant variability
between studies might be attributed to the lack of uniform
diagnostic criteria and underdiagnosis due to inadequate
screening (1, 22). In this study, DCAN was diagnosed using
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the Ewing test combined with HRV analysis to increase
diagnostic specificity.

The association between diabetes duration and the
development of DCAN has not been established. Interestingly,
in the present study, older age was associated with DCAN but
diabetes duration was not. A recent study also suggested that the
duration of DM had no significant association with HRV
measurements (23). However, a previous review reported that
the prevalence of DCAN in patients with T2DM was associated
with increased age and duration of diabetes (24). Pop-Busui et al.
showed that DCAN was associated with poor glycemic control,
increased age, and duration of disease, and diastolic blood
pressure (25). Most likely, DCAN started in the early stages of
diabetes (26). The discrepancy in results between studies might
be due to inconsistent DCAN diagnostic criteria.

In the present study, the Valsalva ratio, E/I ratio, 30 s/50s
ratio, and OH were different between DCAN+ and DCAN−
groups. Except for the rMSSD and PNN50, all the parameters of
HRV analysis were lower in the DCAN+ group than in the
TABLE 4 | SSR of patients with T2DM and DCAN versus those without DCAN.

DCAN+ (n = 42) DCAN– (n = 92) P

Upper limb Amp (mV) 0.99 (0.16–2.70) 2.18 (1.19–3.48) <0.001**
Laten (s) 1.49 (1.32–2.21) 1.36 (1.23–1.46) <0.05*

Lower limb Amp (mV) 0.44 (0.13–1.38) 1.17 (0.73–1.97) <0.001**
Laten (s) 1.99 (1.76–3.26) 1.79 (1.62–1.93) <0.05*
September 2021 | Volume 12 | Articl
Amp, Amplitude; Laten, latency.
*P < 0.05, **P < 0.001.
FIGURE 1 | Receiver-operating characteristic (ROC) analysis of SSR to predict DCAN in patients with T2DM [(upper limb amplitude: AUC = 0.70; 95% CI: 0.59–
0.80; sensitivity, 61.9%; specificity, 66.3%, cut-point 1.40 mV, P < 0.001) (lower limb amplitude: AUC = 0.70; 95% CI: 0.60–0.80; sensitivity, 66.7%; specificity,
68.5%, cut-point 0.85 mV, P < 0.001) (upper limb latency: AUC = 0.67; 95% CI: 0.57–0.77; sensitivity, 61.9%; specificity, 62%, cut-point 1.40 s, P < 0.05) [lower
limb latency: AUC = 0.66; 95% CI: 0.55–0.77; sensitivity, 69.0%; specificity, 52.2%, cut-point 1.81 s, P < 0.05)].
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DCAN− group, indicating that both parasympathetic and
sympathetic dysfunction existed during the development of
CAN in patients with diabetes. This conclusion was consistent
with that of multiple previous studies (27, 28). The results of the
present study extended and confirmed these findings and
suggested that T2DM was a metabolic disease responsible for
cardiac autonomic neuropathy due to damage to both
sympathetic and parasympathetic fibers.

The proportion of DPN was higher in the DCAN+ group
than that in the DCAN – group. This finding was consistent with
previous research (29). The amplitude and CV of the motor and
sensory nerves were lower in the DCAN+ group than in the
DCAN– group. Patients with severe DCAN had significantly
reduced nerve CV and amplitude of peripheral nerves (30); it
appeared that patients with diabetes and DCAN suffered more
frequently from peripheral neuropathy compared with those
without DCAN (31). A positive association existed between
low HRV during deep breathing and large nerve fiber
neuropathy, the latter documented with electrophysiology and
clinical examination (32). Although some studies did not agree
with these findings (33), a possible explanation was that CAN
diagnosis was not based on a unanimous definition.

The present study found that DCAN was closely related to
impaired peripheral nerve conduction. Moreover, NCS
abnormality in the peroneal nerve (motor nerve) was more
important in predicting DCAN. This was in line with previous
studies. For example, parallel involvement of peripheral
neuropathy and DCAN may principally affect the more
vulnerable large nerve fibers (34). Parallel development of
DCAN and peripheral neuropathy is thought to involve
vulnerable large nerve fibers, with recent evidence pointing to
an association between parasympathetic nervous system
impairment and reduced peroneal motor nerve CV (35).

Peripheral NCS examine large-fiber sensory and motor nerve
conduction. However, SSR is a simple, noninvasive method for
evaluating small-fiber sudomotor function (36, 37). The
sudomotor function is primarily mediated by the stimulation
of the post sympathetic cholinergic fibers, which reflect the sweat
nerve glands (unmyelinated C fiber) function or density (38).
SSR latency measurements reflect the function of unmyelinated
C fibers; SSR amplitude measurements reflect the density of
spontaneously activable sweat glands (39). SSR appears to be
useful for assessing autonomic neuropathy in patients with
diabetes (40). In the present study, both the latency and the
amplitude of SSR were different between the DCAN+ and
DCAN– groups. The ROC analysis in the present study
indicated that patients with T2DM should be alert for DCAN
if SSR had upper limb amplitude lower than 1.40 mV, lower limb
amplitude lower than 0.85 mV, upper limb latency longer than
1.40 s, or lower limb latency longer than 1.81 s.

In the present study, the results suggested that a lower
amplitude of peroneal nerve motor fiber, as well as a lower
amplitude and longer latency of SSR, were associated with
increased risk of DCAN. Therefore, NCS and SSR can be used
to predict and assist in DCAN diagnosis Nevertheless, the small
sample size of the study is a limitation. Prospective studies with a
Frontiers in Endocrinology | www.frontiersin.org 6130
larger sample size and long-term follow-up are required to
confirm this conclusion.
CONCLUSIONS

The present study examined the role of NCS and sympathetic
SSR in the evaluation of DCAN in diabetic patients.
Consequently, this study revealed that a peroneal nerve (motor
nerve) abnormality is crucial for predicting DCAN, wherein SSR
may help. As DCAN is difficult to diagnose and predict, the data
presented herein may be clinically useful.
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Objectives: Nationwide studies focusing on the impact of early-onset type 2 diabetes
and obesity on the development of cardiovascular diseases (CVD) are limited in China. We
aimed to investigate the association between age at diagnosis of type 2 diabetes and the
risk of CVD, and to further examine the modifying effect of obesity on this association
among Chinese adults.
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Methods: This study included 23,961 participants with previously diagnosed diabetes
from a large nationwide population-based cohort study across mainland China. With an
interviewer-assisted questionnaire, we collected detailed information on CVDs. Logistic
regression analysis was used to evaluate the risk of CVDs associated with age at
diagnosis of diabetes.

Results: Compared with patients with late-onset diabetes (≥60 years), those with earlier-
onset diabetes had increased risks for CVD, with adjusted ORs (95% CIs) of 1.72 (1.36-
2.17), 1.52 (1.31-1.75) and 1.33 (1.19-1.48) for patients diagnosed aged <40, 40-49 and
50-59 years, respectively. Each 5-year earlier age at diagnosis of type 2 diabetes was
significantly associated with 14% increased risk of CVD (OR, 1.14; 95%CI, 1.11-1.18).
This association was more prominent for patients with obesity than those with normal
body mass index (BMI). Significant interaction was detected between age at diagnosis
and BMI categories on CVD risk (P for interaction=0.0457).

Conclusion: Early-onset type 2 diabetes was significantly associated with higher risk of
CVD, and this association was more prominent among patients with obesity.
Keywords: cardiovascular disease, type 2 diabetes, early-onset diabetes, age at diagnosis of diabetes, obesity
INTRODUCTION

Type 2 diabetes has become a major health burden worldwide. In
the past few decades, the prevalence of diabetes in China has
increased dramatically, with 12.8% of adults of diabetes and
35.2% of prediabetes in 2017 (1, 2). Although type 2 diabetes
was conventionally recognized as a disease of the middle-aged
and elderly, a rapid growth of type 2 diabetes has been observed
among younger adults and even adolescents (3, 4), especially in
developing countries. In Asia, one in five patients with diabetes
was diagnosed before 40 years (5). Early-onset type 2 diabetes was
reported to be associated with poor metabolic control and
accelerated development of complications (5–12). Although the
impact of age at diagnosis of type 2 diabetes on the risk of
cardiovascular disease (CVD) has been investigated in previous
studies (8, 9, 13–17), the results remain inconclusive. Some
studies proposed inverse association between age at diagnosis of
diabetes and risk of CVD (8, 14, 15), whereas others suggested
positive (16, 17) or null association (9, 18) in prospective analyses.

During the past decades, China has experienced a rapid
transition to western lifestyles with more sedentary behavior and
a high energy/fat diet (19), leading to the escalating rates of obesity
and relatedmetabolic diseases, including type 2 diabetes. The rise in
the prevalence of obesity in early and middle-aged population is
likely to increase the incidence of early-onset type 2 diabetes (20).
Previous studies have reported a strong relationship between
obesity in youth and subsequent onset of type 2 diabetes (20–23).
Obesity was also an independent risk factor for CVD, which is the
leading cause of premature death in China (24). However, to the
best of our knowledge, studies investigating the effect of obesity on
the association between age at diagnosis of type 2 diabetes and the
risk of CVD are limited.

Therefore, using the comprehensive data from the Risk
Evaluation of cAncers in Chinese diabeTic Individuals: a
n.org 2134
lONgitudinal (REACTION) study, we aim to investigate the
association between age at diagnosis of type 2 diabetes and the
risk of CVDs, and to further evaluate the modifying effect of BMI
on this association among Chinese adults.
MATERIALS AND METHODS

Study Population
The study population was derived from the REACTION study,
including 259,657 participants from 25 communities across
mainland China. The details of the study population were
described previously (25, 26). Briefly, community dwelling
adults aged 40 years or older were invited to participate the
baseline survey during 2011-2012. There was no restriction on
sex or ethnicity. Participants who signed informed consents were
recruit and scheduled for a comprehensive clinical examination
(including physical and biochemical measurements) and a
structured questionnaire interview. Among 259,657 participants
in the REACTION study, 26,795 individuals reported having ever
been diagnosed as type 2 diabetes by professional physicians. We
further excluded participants with missing information about the
time of diagnosis (n=2797) or those diagnosed before 18 years
(n=37). Finally, 23,961 individuals were included in the
current analysis.

The REACTION study was approved by the ethic committee of
Ruijin hospital affiliated to Shanghai Jiaotong University School of
Medicine. All participants provided written informed consent.

Data Collection
During the personal interview, information on sociodemographic
characteristics, lifestyle factors (including smoking or drinking
status, physical activity, and dietary habits), and medical history
was collected using a standard questionnaire. Education levels
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were divided into less than high school versus high school
education or above. Current smoking was defined as smoking
cigarettes one per day or seven per week regularly during the past
6 months. People who consumed alcohol once per week regularly
during the past 6 months was considered current drinker.
Physical activity was estimated using the short form of the
International Physical Activity Questionnaire. Participants were
asked about the questions on the intensity, duration, and
frequency of physical activity at leisure time. According to this
information, total metabolic equivalents were calculated to
measure the physical activity levels. Moderate and vigorous
physical activity refers to moderate intensity activity ≥ 150 min/
wk, or vigorous intensity or combination activity ≥ 75 min/wk. A
dietary questionnaire was used to collect the information on the
frequency and quantity of major food items (such as red meat,
fruits and vegetables, dairy, soy, and Chinese traditional food)
over the past 12 months. According to the recommendation of
the American Heart Association (27), a healthy diet was defined
as a diet score ≥ 3, including the following 4 components: fruits
and vegetables ≥ 4.5 cups/d, fish ≥ 198 g/wk, sweets/sugar-
sweetened beverages ≤ 450 kcal/wk, and soy protein ≥ 25 g/d.
Probable depression was accessed using the patient health
questionnaire (PHQ)–9 with the total score of ≥10 (28).

All participants underwent measurements on height, weight,
and blood pressure by experienced nurses. Height and weight
were measured using standard protocol with participants
wearing lightweight clothes and no shoes. BMI was calculated
as weight in kilograms divided by height in meters squared
(kg/m2). Blood pressure was tested three times consecutively at
1-min intervals with an automated electronic device (OMRON
Model HEM-725 FUZZY, Omron Company, Dalian, China).
The average of the three readings for systolic or diastolic blood
pressure was used to analyze.

After 10 hours of overnight fasting, a blood sample was
collected and aliquoted into 0.5-mL Eppendorf tubes within 2
hours. Sera was then shipped by air in dry ice to the central
laboratory of the study located at Shanghai Institute of Endocrine
and Metabolic Diseases, which is certificated by the U.S. National
Glycohemoglobin Standardization Program and passed the
Laboratory Accreditation Program of the College of American
Pathologists. The level of HbA1c was determined by the method
of high-performance liquid chromatography (VARIANT™ II
and D-10™ Systems, BIO-RAD, Hercules, CA, USA) in the
central laboratory. Total cholesterol and triglycerides were
measured with an autoanalyzer (ARCHITECT c16000 System,
Abbott Laboratories, IL, USA).

Classification and Definition
The date of diagnosis was recorded for each participant who
reported having type 2 diabetes. Age at diagnosis of type 2
diabetes was categorized as < 40 years, 40-49 years, 50-59 years
and ≥ 60 years. Obesity was defined as a BMI of ≥ 28.0 kg/m2,
and overweight was defined as a BMI of 24.0-27.9 kg/m2.

We collected information on CVDs with an interviewer-
assisted questionnaire. An open-ended question was asked:
“Has a doctor or other health professional ever told you that
you have myocardial infarction, coronary heart disease (CHD),
Frontiers in Endocrinology | www.frontiersin.org 3135
or stroke?” Total CVD in the analysis referred to the composite
of the three CVDs (reported myocardial infarction, CHD, or
stroke). Validation of the self-reported CVDs from questionnaire
was performed in Shanghai Youyi Community, 1 of the 25
communities in the REACTION study. Two physicians who
were blind to the self-reported data reviewed the related
hospitalization records, and classified the cases as definite,
questionable, or misdiagnosed. The validation rate of CVDs
was 91.1% (29, 30).

Statistical Analysis
Continuous variables are presented as means ± SDs or medians
(IQRs) and categorical variables are presented as number
(proportions). The Ptrend for general characteristics according
to age at diagnosis of diabetes was calculated using linear
regression analyses for continuous variables and logistic
regression for categorical variables. Multivariable adjusted
logistic regression analyses were performed to estimate the
association of age at diagnosis of type 2 diabetes on the risk of
CVDs, with the group of the latest-onset type 2 diabetes (≥60 years)
as the reference.Model 1 was adjusted for age and sex;Model 2 was
adjusted for age, sex, education, smoking status, drinking status,
physical activity, healthydietary,BMI;Model 3was further adjusted
for systolic blood pressure, total cholesterol, triglycerides and
HbA1c. Age at diagnosis of type 2 diabetes was also analyzed as
continuous variables and the association between every 5-year
earlier age at diabetes diagnosis and CVD risk was estimated.

Stratified analysis was conducted according to BMI
categories. To explore the possible interaction between age at
diagnosis of diabetes and BMI in the development of CVDs, we
used the cross-products of age at diagnosis of diabetes and BMI
categories as the interaction terms. The likelihood ratio test was
used to analyze the potential interaction by comparing the full
model including the interaction item with the simplified model
without the interaction item. We further examined the combined
effects of BMI and age at diagnosis of diabetes on the risk
of CVDs.

All analyses were conducted using SAS 9.4 (SAS Institute, Cary,
NC). A two-tailed p<0.05 was considered statistically significant.
RESULTS

Characteristics of the Study Participants
This study included 23,961 people with previously diagnosed
type 2 diabetes. Overall, the mean (± SD) age at diagnosis of
diabetes was 54.60 ± 9.48 years. A total of 3653 (15.25%)
participants have reported CVD in this study. Characteristics
of the study population according to age at diagnosis of type 2
diabetes were presented in (Table 1). On average, patients with
earlier age at diagnosis were much younger, and they are more
likely to have poor glycemic control, probable depression, and
high triglycerides, but lower BMI and systolic blood pressure.
Besides, Individuals with earlier age at diagnosis of diabetes have
higher percentage of insulin-user, while lipid-lowering treatment
and antihypertensive drugs are less used (all P for trend <
0.05, Table 1).
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Association of Age at Diagnosis of
Diabetes With CVD
The association between age at diagnosis of type 2 diabetes and
the risk of CVD is presented in Table 2. In age and sex-adjusted
model, compared with late-onset diabetes (diagnosed ≥60 years),
young-onset diabetes (diagnosed <40 years of age) was associated
with 46%, 56%, 77%, and 38% increased risk for total CVD,
stroke, myocardial infarction, and CHD, respectively. Further
adjustment for lifestyle factors and metabolic measurements
did not change the estimates significantly. Compared with
Frontiers in Endocrinology | www.frontiersin.org 4136
patients diagnosed ≥60 years, the fully adjusted ORs (95%CIs)
of total CVD for patients with adjusted ORs (95% CIs) of 1.72
(1.36-2.17), 1.52 (1.31-1.75) and 1.33 (1.19-1.48) for patients
diagnosed aged <40, 40-49 and 50-59 years, respectively. Each 5-
year younger age at diagnosis of type 2 diabetes was significantly
associated with an increased risk of CVD (OR, 1.14; 95%CI, 1.11-
1.18). Results of individual CVD components were similar.
Earlier age at diagnosis of diabetes was also strongly associated
with stroke, myocardial infarction, and CHD, with the ORs (95%
CIs) for per 5-year earlier of age at diagnosis of type 2 diabetes
TABLE 2 | Odds ratio (95% CI) for cardiovascular disease risks according to age at diagnosis of diabetes.

Age at diagnosis of diabetes (years)

≥60 50-59 40-49 18-39 Per 5-years earlier

Cardiovascular disease, case (%) 1337 (20.20) 1475 (15.01) 692 (11.34) 149 (10.54)
Model 1 1.00 (reference) 1.21 (1.10-1.33) 1.28 (1.13-1.46) 1.46 (1.19-1.79) 1.09 (1.07-1.12)
Model 2 1.00 (reference) 1.31 (1.18-1.46) 1.45 (1.26-1.67) 1.61 (1.28-2.02) 1.12 (1.09-1.16)
Model 3 1.00 (reference) 1.33 (1.19-1.48) 1.52 (1.31-1.75) 1.72 (1.36-2.17) 1.14 (1.11-1.18)

Stroke, case (%) 350 (5.29) 365 (3.71) 174 (2.85) 37 (2.62)
Model 1 1.00 (reference) 1.24 (1.04-1.47) 1.39 (1.11-1.76) 1.56 (1.07-2.28) 1.09 (1.04-1.14)
Model 2 1.00 (reference) 1.26 (1.05-1.52) 1.42 (1.11-1.82) 1.50 (0.99-2.28) 1.10 (1.05-1.15)
Model 3 1.00 (reference) 1.26 (1.05-1.52) 1.47 (1.14-1.89) 1.61 (1.05-2.45) 1.11 (1.06-1.17)

Myocardial infarction, case (%) 124 (1.87) 137 (1.39) 84 (1.38) 20 (1.42)
Model 1 1.00 (reference) 1.15 (0.88-1.52) 1.49 (1.05-2.11) 1.77 (1.03-3.02) 1.13 (1.06-1.21)
Model 2 1.00 (reference) 1.26 (0.94-1.71) 1.59 (1.09-2.32) 2.22 (1.26-3.91) 1.18 (1.09-1.27)
Model 3 1.00 (reference) 1.25 (0.92-1.69) 1.52 (1.03-2.24) 2.14 (1.21-3.79) 1.17 (1.08-1.26)

Coronary heart disease, case (%) 1021 (15.43) 1142 (11.62) 525 (8.60) 113 (8.00)
Model 1 1.00 (reference) 1.20 (1.07-1.33) 1.23 (1.06-1.41) 1.38 (1.09-1.74) 1.08 (1.05-1.11)
Model 2 1.00 (reference) 1.32 (1.17-1.48) 1.43 (1.22-1.67) 1.54 (1.19-2.00) 1.12 (1.08-1.15)
Model 3 1.00 (reference) 1.35 (1.20-1.52) 1.49 (1.27-1.75) 1.65 (1.27-2.15) 1.13 (1.10-1.17)
October 2021 | Volume
Model 1, adjusted for age and sex; Model 2: adjusted for age, sex, education, smoking status, drinking status, physical activity, healthy dietary, body mass index; Model 3, further adjusted
for systolic blood pressure, total cholesterol, triglycerides and HbA1c.
TABLE 1 | Baseline characteristics according to age at diagnosis of diabetes.

Age at diagnosis of diabetes (years)

18-39 40-49 50-59 ≥60 Ptrend

No. of participants (%) 1413 (5.90) 6103 (25.47) 9827 (41.01) 6618 (27.62)
Age at baseline, years 50.81 ± 8.43 54.82 ± 7.02 61.46 ± 5.83 70.59 ± 5.76 <.0001
Male gender, n (%) 669 (47.35) 2653 (43.47) 3814 (38.81) 2593 (39.18) <.0001
BMI, kg/m2 25.28 ± 3.66 25.43 ± 3.65 25.53 ± 3.62 25.60 ± 3.60 0.0006
BMI < 24kg/m2, n(%) 573 (40.55) 2225 (36.46) 3469 (35.30) 2240 (33.85) <.0001
BMI 24-27.9 kg/m2, n(%) 559 (39.56) 2693 (44.13) 4299 (43.75) 2942 (44.45) 0.0325
BMI ≥28 kg/m2, n(%) 281 (19.89) 1185 (19.42) 2059 (20.95) 1436 (21.70) 0.0022
High school or above education, n (%) 693 (49.04) 2644 (43.32) 3411 (34.71) 2109 (31.87) <.0001
Current cigarette smoking, n (%) 291 (20.59) 1083 (17.75) 1273 (12.95) 576 (8.70) <.0001
Current alcohol drinking, n (%) 143 (10.12) 578 (9.47) 732 (7.45) 379 (5.73) <.0001
Moderate and vigorous physical activity, n (%) 181 (12.81) 831 (13.62) 1387 (14.11) 877 (13.25) 0.4462
Healthy diet, n (%) 171 (14.12) 785 (14.69) 1179 (13.84) 700 (12.22) 0.0005
Triglycerides, mmol/L 2.02 ± 1.81 2.01 ± 1.69 1.92 ± 1.47 1.80 ± 1.23 <.0001
Total cholesterol, mmol/L 4.95 ± 1.23 4.93 ± 1.18 4.95 ± 1.19 4.90 ± 1.18 0.1024
Systolic blood pressure, mmHg 132.98 ± 20.22 135.42 ± 20.24 139.77 ± 20.47 144.42 ± 20.65 <.0001
HbA1c, % 7.80 (6.80-9.40) 7.40 (6.60-8.80) 7.10 (6.40-8.10) 6.90 (6.30-7.80) <.0001
Glucose-lowering treatment, n (%) 1169 (82.73) 4882 (79.99) 7762 (78.99) 5077 (76.72) <.0001
Insulin therapy, n (%) 561 (39.70) 1632 (26.74) 1784 (18.15) 820 (12.39) <.0001
Oral hypoglycemic drugs use, n (%) 861 (60.93) 4068 (66.66) 6877 (69.98) 4677 (70.67) <.0001
Lipid-lowering treatment, n (%) 18 (1.27) 138 (2.26) 239 (2.43) 170 (2.57) 0.0136
Antihypertensive drugs use, n (%) 230 (16.28) 1220 (19.99) 2523 (25.67) 2234 (33.76) <.0001
Probable depression, n (%) 34 (2.41) 119 (1.95) 151 (1.54) 95 (1.44) 0.0019
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were 1.11 (1.06-1.17), 1.17 (1.08-1.26), and 1.13 (1.10-1.17),
respectively, in fully adjusted analyses. We did not observe sex
differences for the association between age at diagnosis of diabetes
and risk of CVD (P for interaction >0.05, Supplementary Table 1).

Sensitivity analysis was performed to evaluate the
modification of the medication use on the association. After
further adjustment for insulin therapy and oral hypoglycemic
drugs, the estimates of CVD risk moderated but remained
significant, with the OR (95%CI) of 1.25 (1.09-1.79), 1.32
(1.13-1.54), 1.39 (1.09-1.79) for individuals diagnosed at 50-59,
40-49 and 18-39 years, respectively, compared with participants
diagnosed ≥60 years. Each 5-year younger age at diagnosis of
diabetes was significantly associated with 10% increased risk of
CVD (OR, 1.10; 95%CI, 1.17-1.14). Further adjustment for lipid-
lowering treatment, antihypertensive drugs use and probable
depression, the estimates did not change significantly
(Supplementary Table 2).
The Interaction Effect of BMI on the
Association of Age at Diagnosis of
Diabetes With CVD
In the BMI stratified analysis, earlier age at diagnosis of type 2
diabetes was associated with higher risk of total CVD, and the
association was more pronounced among participants with
obesity (Table 3). After multivariable adjustment, every 5 years
earlier of age at diagnosis of diabetes was significantly associated
with the ORs (95%CIs) of CVD of 1.09 (1.03-1.15), 1.14 (1.09-
1.19), and 1.24 (1.17-1.33) among participants with normal
weight, overweight, and obesity, respectively. Significant
interaction was found between age at diagnosis of diabetes and
BMI categories for risk of total CVD (P for interaction= 0.0457).
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Significant increased risk of stroke was observed for those with
earlier age at diagnosis of type 2 diabetes among people with
overweight or obesity, while no significant association was
observed among patients with normal weight (P for interaction=
0.0205). The association between age at diagnosis of diabetes and
the risk of myocardial infarction or CHD was directionally
consistent with the combined analysis of total CVD, although
the interactions were not significant (P for interaction = 0.1931 for
myocardial infarction, and P for interaction = 0.1568 for CHD).

We further explored the combined effects of BMI and age at
diagnosis of diabetes on the risk of CVD (Figure 1).
Multivariate-adjusted logistic regression analysis revealed that
compared with the reference group (who were diagnosed ≥60
years and with normal weight), those with earlier age at diagnosis
and with obesity or overweight had significantly increased risk of
total CVD or individual CVD components. Overall, the ORs
(95%CI) for risk of total CVD, stroke, myocardial infarction, and
CHD associated early age at diagnosis of diabetes and obesity
(diagnosed <40 years and with obesity vs diagnosed ≥60 years
and with normal weight) were 3.57 (2.37-5.37), 2.45 (1.18-5.10),
4.58 (1.76-11.96), and 3.29 (2.05-5.29), respectively.
DISCUSSION

In this large population-based study, we found that age at
diagnosis of type 2 diabetes was associated with the risk of
total CVD, stroke, myocardial infarction, and CHD among
Chinese adults. The association of age at diagnosis of type 2
diabetes with risk of CVD was more pronounced among patients
with obesity compared to those with normal weight, indicating
TABLE 3 | Association between age at diagnosis of diabetes and cardiovascular disease risk by BMI categories.

Cardiovascular disease Stroke Myocardial infarction Coronary heart disease

Case (%) OR (95%CI) Case (%) OR (95%CI) Case (%) OR (95%CI) Case (%) OR (95%CI)

BMI< 24kg/m2

≥60 366 (16.34) 1.00 (reference) 107 (4.78) 1.00 (reference) 36 (1.61) 1.00 (reference) 270 (12.05) 1.00 (reference)
50-59 399 (11.50) 1.29 (1.06-1.57) 107 (3.08) 1.02 (0.73-1.41) 27 (0.78) 0.83 (0.46-1.51) 304 (8.76) 1.39 (1.11-1.74)
40-49 175 (7.87) 1.30 (1.002-1.69) 47 (2.11) 1.09 (0.70-1.70) 17 (0.76) 0.99 (0.46-2.13) 128 (5.75) 1.29 (0.96-1.75)
18-39 49 (8.55) 1.81 (1.21-2.69) 10 (1.75) 1.01 (0.46-2.23) 5 (0.87) 1.70 (0.58-4.98) 38 (6.63) 1.89 (1.20-2.96)
Per 5-years earlier 1.09 (1.03-1.15) 1.01 (0.92-1.10) 1.09 (0.95-1.26) 1.10 (1.03-1.16)
BMI 24-27.9 kg/m2

≥60 614 (20.87) 1.00 (reference) 163 (5.54) 1.00 (reference) 59 (2.01) 1.00 (reference) 462 (15.70) 1.00 (reference)
50-59 684 (15.91) 1.34 (1.15-1.56) 167 (3.88) 1.37 (1.04-1.80) 74 (1.72) 1.33 (0.86-2.06) 530 (12.33) 1.35 (1.14-1.61)
40-49 325 (12.07) 1.49 (1.21-1.84) 86 (3.19) 1.63 (1.13-2.35) 46 (1.71) 1.66 (0.95-2.90) 237 (8.80) 1.39 (1.10-1.76)
18-39 59 (10.55) 1.53 (1.07-2.19) 16 (2.86) 1.90 (1.02-3.54) 8 (1.43) 2.01 (0.84-4.81) 46 (8.23) 1.49 (1.003-2.23)
Per 5-years earlier 1.14 (1.09-1.19) 1.13 (1.05-1.22) 1.18 (1.06-1.32) 1.13 (1.07-1.18)
BMI ≥ 28kg/m2

≥60 357 (24.86) 1.00 (reference) 80 (5.57) 1.00 (reference) 29 (2.02) 1.00 (reference) 289 (20.13) 1.00 (reference)
50-59 392 (19.04) 1.44 (1.16-1.79) 91 (4.42) 1.45 (0.97-2.16) 36 (1.75) 1.74 (0.94-3.24) 308 (14.96) 1.40 (1.11-1.77)
40-49 192 (16.20) 1.99 (1.48-2.68) 41 (3.46) 1.78 (1.03-3.08) 21 (1.77) 2.13 (0.95-4.81) 160 (13.50) 2.12 (1.54-2.91)
18-39 41 (14.59) 2.30 (1.45-3.67) 11 (3.91) 2.30 (1.003-5.29) 7 (2.49) 3.33 (1.10-10.10) 29 (10.32) 1.96 (1.16-3.31)
Per 5-years earlier 1.24 (1.17-1.33) 1.24 (1.12-1.38) 1.25 (1.07-1.45) 1.22 (1.14-1.30)
October 20
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Adjusted for age, sex, education, smoking status, drinking status, physical activity, healthy dietary, systolic blood pressure, total cholesterol, triglycerides and HbA1c. P for interaction for
cardiovascular disease = 0.0457; p for interaction for stroke = 0.0205; p for interaction for myocardial infarction= 0.1931; p for interaction for coronary heart disease = 0.1568. BMI, body
mass index.
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that obesity might modify the association between age at
diagnosis of type 2 diabetes and CVD risk. To the best of our
knowledge, this is the first nation-wide cohort study to explore
the modifying effect of obesity on the association between
diabetes onset age and the CVD risk. These findings have
important clinical implications.

Young-onset type 2 diabetes has been associated with an
increased CVD risk in previous epidemiology studies (3, 10, 11,
13, 31, 32). Our study is consistent with some previous studies (8,
13–15), emphasized that those with earlier-onset type 2 diabetes
might be associated with worse macrovascular outcomes than
later-onset type 2 diabetes. In the cross-sectional study from the
China National HbA1c Surveillance System, patients with early-
onset type 2 diabetes had an increased risk of non-fatal CVD
than people with late-onset diabetes after further adjustment for
diabetes duration (8). A study including 7,844 newly diagnosed
diabetes reported that the hazard of macrovascular complication
in early-onset type 2 diabetic patients was twice as high in usual-
onset diabetes compared with age-matched control subjects (14).
Similarly, a recent meta-analysis including 26 observational
studies comprising 1,325,493 individuals confirmed that age at
diagnosis of diabetes was inversely associated with risk of
macrovascular disease, with each 1-year increase in age at
diabetes diagnosis associated with a 3% decreased risk of
macrovascular disease (OR 0.97, 95%CI 0.96- 0.98) (15).
However, some studies suggested there was a positive (16, 17)
or null association (9, 18) between age at diagnosis of diabetes
and CVD risk. A cross-sectional study from the 2015 Australian
National Diabetes Audit (16) suggested that 1 year increase of
age at diagnosis of diabetes was associated with increased risk of
Frontiers in Endocrinology | www.frontiersin.org 6138
macrovascular complications (OR, 1.03, 95%CI 1.02-1.04). A 7-
years prospective analysis concluded that the higher risk of CVD
in patients with young-onset diabetes was driven by longer
diabetes duration (9). Results from the Da Qing Diabetes
Study indicated that the risk of CVD events did not differ
significantly between those age <45 years with diabetes and
those age ≥45 years with normal glucose tolerance (HR 1.25, 95%
CI 0.93-1.69) (18). The inconsistent findings might be partially
explained by the wide variety in population characteristics and the
study design. Our study provided evidence from the nation-wide
community-dwelling Chinese population, emphasized that those
with early-onset diabetes might be associated with worse
macrovascular outcomes than late-onset diabetes.

More importantly, we contribute new knowledge about the
modifying effect of BMI on the association between early-onset
diabetes and CVD risk. Obesity was emphasized to be an
important risk factor of diabetes and cardiometabolic disease
(33). Over the past four decades, the prevalence of obesity in
China has increased steadily, especially in young people. The
emerging prevalence of obesity in childhood and adolescent is
associated with emergence of comorbidities previously
considered to be “elderly” diseases including type 2 diabetes
mellitus (34, 35). It was reported that obesity was a more general
feature of early-onset type 2 diabetes than it is in later-onset type
2 diabetes (3, 36). A prospective study including 1,462,362
adolescents confirmed that severe obesity significantly
increased the risk for incidence of type 2 diabetes in young
(20). Importantly, we found that the association of age at
diagnosis of diabetes with risk of CVD was more pronounced
among patients with obesity or overweight than those with
A B

DC

FIGURE 1 | Adjusted odds ratios for cardiovascular disease risk according to combinations of BMI and age at diagnosis of diabetes. (A) cardiovascular disease;
(B) Stroke; (C) Myocardial infarction; (D) Coronary heart disease. ORs (95% CIs) were adjusted for age, sex, education, smoking status, drinking status, physical
activity, healthy dietary, systolic blood pressure, total cholesterol, triglycerides and HbA1c.
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normal weight. Thus, obesity may play an important role in the
development of the young-onset phenotype. Interventions of
obesity may be effective for the early prevention of CVD among
people with early-onset type 2 diabetes.

Potential pathogenetic mechanisms leading to young-onset
type 2 diabetes as an aggressive disease compared to late-onset
diabetes including the rapid onset of beta cell failure and insulin
resistance, and the obesity-related mechanisms (3, 36). Prevailing
evidence suggests that young-onset type 2 diabetes has an
accelerated decline of beta cell function, especially in second-
phase insulin secretion (37, 38). Loss of glycemic control and
other metabolic profiles also play essential roles in excessive risk
of macrovascular or microvascular complications (5). Recent
analysis fromHong Kong found that individuals with early-onset
type 2 diabetes had poorly controlled hyperglycemia throughout
their life versus usual-onset type 2 diabetes (32). Results from the
Treatment Options for type 2 Diabetes in Adolescents and Youth
Study confirmed that young adults with type 2 diabetes had poor
glycemic control regardless of health care coverage (6). Similarly,
in our study, those with earlier-onset diabetes tend to have higher
HbA1c and triglycerides than patients with later-onset diabetes.
Although patients with early-onset diabetes receive more
glucose-lowering treatment, they have poor glycemic control.
Thus, it is important to improve the effectiveness of blood
glucose management for individuals with early-onset diabetes.
Besides, younger-onset diabetes often usually has a longer
diabetes duration, which was a noticeable traditional risk factor
for diabetes complications (16, 17, 39–41).

The study has several strengths. First, the study population
was from the REACTION study, which was a multicenter
population-based cohort study representing middle-aged and
elderly population from various geographical regions in
mainland China. Besides, we have comprehensive physical and
biochemical measurements, and detailed lifestyle information for
the confounding adjustment. However, several potential
limitations should be discussed. First, in the current study, the
collection of CHD, stroke, and myocardial infarction status was
based on self-reported questionnaire. Although we did a
validation study of CVD in one of the communities and the
validation rate is about 91.1% (29, 30), we still can’t exclude recall
bias. Second, the cross-sectional nature may underestimate the
risk of CVD associated with early-onset diabetes. Since patients
with earlier-onset type 2 diabetes would be more vulnerable to
premature death (42). Long-term follow-up study could provide
more information in the future. In addition, our study
population is limited to 40 years or older. Thus, patients with
early-onset diabetes with a relatively short duration were not
included in the study.

In conclusion, this large population-based cohort study
indicates that age at diagnosis of type 2 diabetes is related to
the risk of CVD in patients with type 2 diabetes in China, and
this association is more prominent among patients with obesity.
The excess risk related to early-onset diabetes mandates more
attention to preventive strategies and management guidelines in
the Chinese population, and underscore the importance for
weight management among early-onset type 2 diabetes.
Frontiers in Endocrinology | www.frontiersin.org 7139
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Background: Anthropometric measures [i.e., body mass index (BMI), waist-to-hip ratio

(WHR), and waist-to-height ratio (WHtR)] have been used as prediction factors for

incident hypertension. However, whether any of these measures is superior to another

in the matter of accuracy in predicting hypertension in diabetic patients has been

controversial. The present prospective study aimed to determine whether WHtR is a

more accurate tool for predicting hypertension than WHR and BMI in patients with type

2 diabetes.

Methods: The study population consisted of 1,685 normotensive patients with type

2 diabetes. BMI, WHR, and WHtR were assessed at baseline and followed up for

hypertension incidence for a mean of 4.8 years. A cox regression analysis was performed

to assess the association between anthropometric measures (i.e., BMI, WHR, and

WHtR) and incident hypertension during the follow-up period. The area under the

ROC curve analysis was performed and optimal cutoff values were calculated for each

anthropometric measure for hypertension prediction.

Results: WHtR and BMI were significantly associated with an increased incidence of

hypertension (HR = 3.296 (0.936–12.857), P < 0.001, and HR = 1.050 (1.030–1.070),

P < 0.001, respectively). The discriminative powers for each anthropometric index for

hypertension were 0.571 (0.540–0.602) for BMI, 0.518 (0.486–0.550) for WHR, and

0.609 (0.578–0.639) for WHtR. The optimal cutoff points for predicting hypertension

in patients with type 2 diabetes were 26.94 (sensitivity = 0.739, specificity = 0.380)
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for BMI, 0.90 (sensitivity = 0.718, specificity = 0.279) for WHR, and 0.59

(sensitivity = 0.676, specificity = 0.517) for WHtR.

Conclusion: WHtR was a more accurate tool for predicting hypertension compared to

WHR and BMI in patients with type 2 diabetes.

Keywords: hypertension, type 2 diabetes, body mass index, waist-to-height ratio, waist-to-hip ratio

INTRODUCTION

Diabetes mellitus is among themost common diseases worldwide
that significantly affects the cardiovascular system. The main
cause of death among patients with diabetes is cardiovascular
diseases (CVD) (1–3). Diabetes mellitus is associated with several
major cardiovascular complications, including coronary artery
disease (myocardial infarction and angina pectoris), heart failure,
stroke, and peripheral artery disease. Besides, cardiovascular
risk factors increase the risk of developing these complications.
Hypertension (HTN), a highly prevalent cardiovascular risk
factor in patients with diabetes (present in 35% of men and
46% of women with diabetes), causes three-quarters of the
cardiovascular deaths in these patients (4). The hypertension
diagnosis is confirmed in a gradual process, requiring multiple
careful blood pressure assessments at different times (5). Late
diagnosis of hypertension extends the harmful effects of high
blood pressure on the cardiovascular system, promoting the
onset of irrecoverable sequelae (6).

Since obesity, particularly abdominal obesity, plays
a significant role in the etiology of hypertension, using
anthropometric indicators of adiposity may help screen patients
who are at a higher risk for developing hypertension. The
identified individuals could be referred to health centers with
better hypertension monitoring systems earlier, and therefore,
the early diagnosis of hypertension optimizes the opportunity
for secondary prevention measures (7).

Bodymass index (BMI), the standard general obesity measure,
is the most commonly used indicator in hypertension prediction
and screening. The adipose tissue distribution is a significant
factor in developing cardiovascular diseases compared to total
body fat. Thus, several measures that consider the distribution
of adipose tissue, includingWHR (waist-to-hip ratio) andWHtR
(waist-to-height ratio) have been developed (8). Researchers
have conducted numerous studies to assess the associations
between the various obesity indicators and hypertension in recent
decades. Cuban and Japanese studies have suggested BMI as
the best single predictor of hypertension (9, 10). In contrast,
an Iranian cross-sectional study suggested WHR combined with
BMI as the best predictor of hypertension in women (11). A
2006meta-analysis reported the superiority of centralized obesity
measures, especially WHtR over BMI for CVD risk detection

Abbreviations: HTN, Hypertension; T2DM, Type 2 Diabetes; BMI, Body mass
index; WHtR, Waist-to-height ratio; WHR, Waist-to-hip ratio; SBP, Systolic blood
pressure;DBP, Diastolic blood pressure; TC, Total cholesterol; TG, Triglycerides;
HDL, High density lipoprotein; LDL, Low density lipoprotein; FPG, Fasting
plasma glucose;2hpp, 2-hour post prandial; HbA1c, Hemoglobin A1c; HTN,
Hypertension; CAD, Coronary artery disease.

(12). However, another meta-analysis in 2008 reported that none
of the anthropometric variables were systematically better than
the others at hypertension discrimination (13). Therefore, there is
no consensus in the literature over the most accurate measure for
hypertension prediction. The present prospective study aimed to
determine whether WHtR is a more accurate tool for predicting
HTN than WHR and BMI in patients with type 2 diabetes.

MATERIALS AND METHODS

Participants
Four thousand fifty-five patients who were previously diagnosed
with type 2 diabetes participated in this study from April 2002
to January 2020. All patients attended the endocrinology clinic
of Vali-Asr Hospital, a tertiary center affiliated with Tehran
University of Medical Sciences. After excluding the patients with
previously diagnosed hypertension (N = 2,362), the ones who
failed to attend monthly follow-up, or had missing data on
systolic blood pressure, weight, height, or waist circumference (N
= 8), the final study population consisted of 1,685 normotensive
patients with T2DM (Figure 1). The patients’ anthropometric
measures, including BMI, WHR, and WHtR, were assessed
at baseline. Moreover, each participant was followed-up for
hypertension for a mean follow-up period of 4.8 years at some
point between April 2002 to January 2020. This study was in full
compliance with the Declaration of Helsinki and was reviewed
and approved by the Ethics Committee of Tehran University of
Medical Sciences.

Data Collection
At baseline, all participants were interviewed by a trained
interviewer. Data collection at baseline consisted of the following
parameters: identification and sociodemographic characteristics,
including age, gender, education, marital status, lifestyle habits
such as smoking, self-reported health conditions, and specifically,
the use of antihypertensive drugs, past medical history, including
any physical or mental conditions, and objective measures
including, blood pressure and body weight. Data collection
during the follow-up period was limited to the following
parameters: identification (only age and gender), self-reported
health conditions (use of antihypertensive medications), and
objective measures (only blood pressure). In this study, current
smokers were defined as individuals who had smoked a
minimum of 100 cigarettes in their lifetime and continued
smoking during the follow-up period. A team of trained and
closely observed researchers using standard equipment was
responsible for data collection at all times.
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FIGURE 1 | Study population selection flow chart; T2DM = type 2 diabetes mellitus.

Anthropometric Measurements
Weight was measured using a portable digital scale with a
precision of 0.1 kg in minimally clothed participants without

shoes. Height wasmeasured using a standard protocol with a tape
measure. The body mass index (BMI) was calculated as weight
(kilograms) divided by squared height (m2). The BMI values
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were categorized according to the World Health Organization
(WHO)’s classification: < 18.5 kg/m2 (underweight), 18.5 to
24.9 kg/m2 (normal weight), 25 to 29.9 kg/m2 (overweight) and
≥30 kg/m2 (obese). Waist circumference (WC) was measured
at the end of a normal expiration. The tape was positioned
horizontally at themidway between the iliac crest and the inferior
border of the last rib according to standard WHO protocol
(14). Likewise, Hip circumference was measured at the widest
circumference of buttock while the tape was horizontal and
parallel to the ground. During these procedures, the subjects were
standing and wearing minimal clothing. All the measurements
were performed with a precision of 0.1 cm. In order to minimize
observer error, all measurements were carried out by the same
technician. The waist-to-height (WHtR) and waist-to-hip ratio
(WHR) were calculated by dividing waist (cm) by height (cm)
and hip circumference (cm), respectively.

Laboratory Measurements
From each subject, 10mL of venous blood was drawn after
12–14 h of overnight fasting. The samples were kept in cold
biochemistry tubes with a temperature of 4–8◦C and sent to
the representative calibrating laboratories within 4 h, where the
samples were immediately centrifuged (1,500 RPM, for 10min
at standard room temperature 21◦C). Then, the extracted serum
was used for laboratory evaluations. Enzymatic calorimetric
methods using the glucose oxidase test were implemented
to measure the fasting plasma glucose (FPG) and 2 h post-
prandial glucose (2 hPPG). Glycated hemoglobin (HbA1c)
was measured using high-performance liquid chromatography.
By using enzymatic methods, the serum concentrations of
triglycerides, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), and total cholesterol
were determined. The commercially-available kits, distributed by
the central reference laboratory (Tehran, Iran), have passed all
the quality control procedures.

Definition of Hypertension
Blood pressure (BP) was measured on the left arm by
using a mercury sphygmomanometer (Reishter, Germany)
with an appropriate cuff size according to the subjects’ arm
circumference. The procedure was performed in the sitting
position after a 10-min resting period, and all the subjects
were asked not to smoke or consume caffeine 30min preceding
the procedure commencement. BP was measured twice, with
a 10-min interval between the two measurements. During this
interval, the patients were asked to remain seated with their left
hand placed at the heart level and their palm in the upward-facing
position. The mean of the two measured values were considered
as the patient’s BP. Auscultated systolic blood pressure (SBP)
was defined as the first Korotkoff sound heard during the cuff
deflation, while diastolic blood pressure (DBP) was marked by
the disappearance of the last Korotkoff sound. Patients using
antihypertensive drugs or subjects with an SBP higher than
140 mmHg or a DBP higher than 90 mmHg were classified as
hypertensive (15).

Statistical Analysis
SPSS version 24.0 (SPSS Inc., Chicago, IL, USA) was employed
for statistical analysis. We used Kolmogorov–Smirnov and
Shapiro-Wilk normality tests, P-P plot, and histogram to test
the normality of our study population. The null hypothesis
was rejected for all the variables; thus, they were normal. To
assess the association between different variables and incident
hypertension, uni-variable analysis of potential continuous and
categorical risk factors was performed using t-test and chi-
square, respectively. The data were reported as mean ± standard
deviation (SD) for continuous variables and as proportions for
categorical variables. Cox regression analysis was performed
to assess the association between anthropometric measures
(i.e., BMI, WHR, and WHtR) and incident hypertension
during the follow-up period. Hazard ratios (HR) were adjusted
for the confounding variables (i.e., age, gender, history of
coronary artery disease (CAD), SBP, DBP, FPG, and family
history of hypertension). The Cox regression analysis was
also used to calculate HRs of hypertension and their 95%
CIs with reference to a normal BMI and the first quartile
of WHR and WHtR. The adjustment was performed for
age, gender, history of CAD, SBP, DBP, FPG, history of
CAD, and family history of hypertension. The discriminative
powers of BMI, WHR, and WHtR were assessed by the area
under the ROC curve analysis in the group with incident
hypertension. The area under the ROC curve of the baseline
BMI, WHR, WHtR, and their 95% confidence intervals (CIs)
were reported. Optimal cutoff values were calculated for each
aforementioned anthropometric measure for the diagnosis of
hypertension. Youden index was employed for calculating the
optimal cutoff value. The sensitivity and specificity of each of
the anthropometric measures were determined based on the
calculated cutoff values. The risk of incident hypertension was
compared among the BMI categories (i.e., underweight, normal,
overweight, and obese) and the quartiles of WHR and WHtR. A
two-sided p-value < 0.05 was considered necessary to reject the
null hypothesis.

RESULTS

Baseline Characteristics
A total of 1,685 participants were enrolled in this study. The
mean follow-up period was 4.8 years, and throughout this
period, 426 participants (25.3%) developed hypertension. Table 1
summarizes the baseline characteristics of all participants based
on the development of HTN. A comparison of study subgroups
at baseline revealed higher means for age, SBP, DBP, 2-hpp,
CAD prevalence, and anthropometric measures, as well as a
higher frequency of HTN in family members of the subjects
who developed HTN. Furthermore, the two groups differed
significantly in terms of BMI and WHtR. The frequency of
obese subjects was significantly higher in HTN group (42.8
vs. 37%). Also, a higher proportion of patients who developed
HTN were in the fourth quartiles of WHtR (37.6 vs. 24.9%)
(Table 1).
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TABLE 1 | Baseline characteristics of the study population, based on

hypertension status at the time of follow-up.

Did not

develop

hypertension

(N = 1259)

Developed

hypertension

(N = 426)

P-value

Age(yr) 54.82 (± 11.12) 58.95 (± 9.15) <0.001

Gender (M) 614 (48.8%) 152 (35.7%) <0.001

Waist/height ratio 0.60 (± 0.07) 0.63 (± 0.07) <0.001

Waist/hip ratio 0.93 (± 0.06) 0.94 (± 0.06) 0.130

Weight (kg) 77.66 (± 14.85) 77.92 (± 14.86) 0.756

BMI (kg/m2 ) 29.04 (± 4.96) 30.24 (± 5.23) <0.001

SBP (mmHg) 124.92 (± 13.53) 130.01 (± 9.65) 0.041

DBP (mmHg) 77.99 (± 6.31) 79.18 (± 9.00) 0.038

TC (mg/dL) 183.03 (± 41.96) 181.14 (± 47.97) 0.468

TG (mg/dL) 173.03 (±

109.95)

182.64 (± 98.95) 0.110

HDL (mg/dL) 45.30 (± 12.00) 45.46 (± 13.79) 0.823

LDL (mg/dL) 104.14 (± 33.42) 101.38 (± 37.07) 0.152

FPG (mg/dL) 156.54 (± 52.51) 163.59 (± 52.70) 0.170

2hpp (mg/dL) 215.77 (± 84.37) 236.85 (± 86.05) <0.001

HbA1c (mg/dL) 7.74 (± 4.97) 7.78 (± 1.50) 0.874

Current smokers, n (%)* 28 (2.2) 36 (12.1) 0.033

Family history of HTN, yes, n (%) 434 (34.7) 240 (56.7) <0.001

History of CAD, yes 234 (18.6) 120 (28.2) <0.001

BMI

categorized

n (%)

Underweight 5 (0.4) 1 (0.2) <0.001

Normal 239 (19.0) 49 (11.5)

Overweight 558 (44.3) 186 (43.7)

Obese 457 (36.3) 190 (44.6)

Waist-to-hip

ratio quartiles

n (%)

Q1 93 (7.4) 27 (6.3) 0.873

Q2 296 (23.5) 105 (24.6)

Q3 408 (32.4) 136 (31.9)

Q4 462 (36.7) 157 (37.1)

Waist-to-

height ratio

quartiles

n (%)

Q1 188 (14.9) 33 (7.7) <0.001

Q2 392 (31.1) 94 (22.1)

Q3 366 (29.1) 139 (32.6)

Q4 313 (24.9) 160 (37.6)

*n(%): Number of patients who matched each category and the percentage in each

patient group. BMI, Body mass index; SBP, Systolic blood pressure; DBP, Diastolic blood

pressure; TC, Total cholesterol; TG, Triglycerides; HDL, High density lipoprotein; LDL,

Low density lipoprotein; FPG, Fasting plasma glucose; 2 hpp, 2 h post prandial; HbA1c,

Hemoglobin A1c; HTN, Hypertension; CAD, Coronary artery disease.

Development of Hypertension in Patients
With T2DM According to WHtR, WHR, and
BMI
After adjusting for age, gender, history of CAD, SBP, DBP, FPG,
and family history of HTN, WHtR and BMI were found to be
significantly associated with an increased risk of hypertension
(HR = 3.296, 95% CI: 0.936–12.857, P < 0.001, and HR =

1.050, 95%CI: 1.030–1.070, P < 0.001, respectively). However,
this association was not significant for WHR (Table 2). In
another adjusted cox regression model assessing the association

TABLE 2 | Cox regression analysis determining the association between BMI,

waist-to-hip ratio, and waist-to-height ratio with incident hypertension during the

follow-up period; results are adjusted for age, gender, history of CAD, SBP, DBP,

FPG and family history of HTN.

HR (95% CI) P-value

BMI 1.050 (1.030–1.070) <0.001

Waist-to-hip ratio 2.604 (0.605–10.477) 0.159

Waist-to-height ratio 3.296 (0.936–12.857) <0.001

BMI, Body mass index.

between incident hypertension and different categories of BMI
(i.e., underweight, normal, overweight, and obese), and four
quartiles of WHR and WHtR, a higher WHtR at the baseline,
was positively and significantly associated with the development
of hypertension in a ratio-dependent manner (highest vs. lowest
quartile HR 1.936, 95%CI: 1.306–2.871) (Table 3).

ROC Analysis of WHtR, WHR, and BMI for
Prediction of Hypertension in Patients With
T2DM
Figure 2 shows the areas under the ROC curve (AUC) of the
anthropometric measurements for the prediction of HTN. All
anthropometric indices, especially WHtR, exhibited a predictive
power in detecting the incidence of HTN in patients with T2DM.
The discriminative powers of each anthropometric index for
HTN were 0.571 (95% CI: 0.540–0.602) for BMI, 0.518 (95%
CI: 0.486–0.550) for WHR, and 0.609 (95% CI: 0.578–0.639) for
WHtR. The optimal cutoff points for predicting HTN in patients
with T2DM were 26.94 (sensitivity = 0.739, specificity = 0.380)
for BMI, 0.90 (sensitivity = 0.718, specificity = 0.279) for WHR,
and 0.59 (sensitivity= 0.676, specificity= 0.517) for WHtR.

DISCUSSION

More than 4.5 million Iranian adults were diagnosed with
diabetes in 2011; this number is projected to rise to 9.2
million by 2030. This increase emphasizes the significance
of type 2 diabetes, most importantly, when considering the
burden of diabetes-related complications (16). Several studies
have reported high prevalence of hypertension in patients with
diabetes (17–22). The existence of hypertension in patients
with diabetes significantly increases the risk of stroke, coronary
artery disease, retinopathy, and nephropathy (23). Therefore,
identifying the risk factors and predictors of hypertension is
of high importance to diagnose, prevent, control, and treat
this condition as soon as possible. Our results indicated higher
means for age, TG, CAD prevalence, smoking status, and
anthropometric measures, as well as a higher frequency of
HTN in family members of the subjects who developed HTN.
Additionally, the frequency of obese subjects was significantly
higher in the HTN group. These results are in line with the
data from previous studies on the associated risk factors of
hypertension (24).
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TABLE 3 | Hazard ratio of incident hypertension based on waist-to-height ratio, waist-to-hip ratio and BMI during the follow-up period; Data are presented as HR (95%

CI); Results are adjusted for age, gender, history of CAD, SBP, DBP, FPG and family history of HTN.

Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-value

Waist-to-hip ratio Ref 1.247 (0.812–1.914) 1.039 (0.680–1.587) 1.246 (0.810–1.917) 0.328

Waist- to-height ratio Ref 1.354 (0.905–2.025) 1.534 (1.034–2.276) 1.936 (1.306–2.871) 0.003

Underweight Normal Overweight Obese P-value

BMI 0.664 (0.091–4.867) Ref 1.394 (1.013–1.919) 1.793 (1.294–2.486) 0.002

BMI, Body mass index.

Furthermore, multivariate analysis in this study revealed
that WHtR, unlike BMI and WHR, was significantly associated
with increased risk of developing hypertension, subsequent to
adjustment for age, gender, history of CAD, SBP, FBS, and
TG. Moreover, the ROC analysis of anthropometric indices
for prediction of hypertension demonstrated that all indices,
especially WHtR, exhibited a statistically significant predictive
power in detecting the incidence of HTN in patients with T2DM.
Therefore, according to our data, WHtR is a better screening
tool for HTN than WHR and BMI in Iranian men with type 2
diabetes. This finding is similar to the results of various studies on
different ethnicities worldwide (7, 25–30). Three meta-analyses
also supportedWHtR as the most accurate anthropometric index
for predicting hypertension (12, 31, 32).

WHtR can be considered as the best anthropometric index
for screening for health risks. Height can predict hypertension
and diabetes (33, 34), and the percentage of body fat is an
independent risk factor for CVD (35). People with shorter stature
have noticeably higher amounts of body fat than taller individuals
with the same BMI (36). Individuals with similar WCs might not
have a similar percentage of body fat if they are unequal in height.
Therefore, WHtR can be a helpful predictor of hypertension by
considering the impact of waist circumference and height on
body fat composition (29).

In the current study, optimal cutoff for WHtR was calculated
as 0.59. A recent Iranian study on anthropometric indices for
obesity reported cutoff of 0.49–0.51 among adults (37). A cutoff
of 0.5 for WHtR was first mentioned in a study by McCarthy HD
et al. in 2006 on UK adolescents and children over two decades
supporting the simple message: “Keep your waist circumference
to less than half your height” (38). Hsieh et al. recommended a
WHtR cutoff of 0.5 for Japanesemen andwomen (39). Tseng et al.
also reported a cutoff of 0.48–0.52 in both sexes and suggested
that this is the clinical importance of WHtR as the same cutoff
could be applied to different sexes and ethnicities (29). WHtR
is the least expensive and a simple measure that has a strong
relationship with cardiovascular diseases, with a similar optimal
cutoff at 0.5 in both sexes and various ethnic groups. Due to
these features, WHtR can be of great value to public health and
can be utilized as a standard screening tool for more accurate
epidemiological data comparisons between studies. The cutoff
value of 0.5 can be simply memorized and instantly employed
to explain the risk of cardio-metabolic diseases to the patients

to determine if the WC is less than half of the height. Thus,
no more complicated calculations are needed (as required for
BMI) (29).

On the other hand, Cuban and Japanese studies suggested
BMI as the single best indicator for developing hypertension
(9, 10). Li et al. reported BMI and WC can predict incident
hypertension more accurately than WHR, skinfold thickness,
and WHtR in the Chinese population (8). A study on the
Iranian population also reported that BMI is the best predictor
of hypertension in men; BMI combined with WHR were the
best predictors of hypertension in women (11). Another Iranian
cross-sectional study also suggested WHR combined with BMI
as the best predictor of hypertension in women (11). Rezende
et al. suggested that both central obesity (WC and WHtR)
and overall obesity (BMI) anthropometric indicators could be
used in the Brazilian population to evaluate the risk of incident
hypertension (40). Another Brazilian study, as well as a 2008
meta-analysis reported that all indices had similar performances
in hypertension detection (13, 41). These differences might be
due to the populations’ varying characteristics, differences in
sampling strategies, data collection quality, and the differences in
operational definitions for abdominal and general obesity (42).

A screening measure should be both efficient and practical.
BMI is calculated using weight and height. This measure does not
reflect the distribution of individual’s fat (general vs. abdominal
obesity). Studies have shown that patients with the same BMI
may have different waist circumferences. Since, people with
abdominal obesity are more prone to cardiovascular diseases
and hypertension (43), it is crucial to employ a measure that
reflects WC and either WHR or WHtR. When comparing
WHR with WHtR; WHtR seems to have several advantages
over WHR. Firstly, as mentioned earlier people with shorter
stature have noticeably higher amounts of body fat than
taller individuals with the same BMI (36). Secondly, studies
have reported that self-assessment of height is more accurate
than weight (43). Thirdly, height has usually been shown to
have inverse associations with cardiometabolic morbidity and
mortality and this is probably because height, as well as having
a major genetic component, can also reflect general early life
exposures and WHR does not reflect body height (32, 44,
45). Furthermore, in women with T2DM, WHtR has been
shown to be independently and better associated with elevated
urinary albumin excretion rate, a common cardiovascular risk
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FIGURE 2 | Receiver operating characteristics curve analysis for comparison of BMI, waist to hip ratio, and waist to height ratio as an index for incident hypertension.

factor in diabetes (46), than WC, WHR, and BMI (47). It
has also been reported to have the superiority of independent
association with coronary artery disease and the highest
magnitude of association than WHR, and BMI in patients with
T2DM (48).

Hsieh et al. argued that among the Japanese men in the
third quartile of WC (84.5 - 89 cm), shorter individuals were
more prone to hypertension than the taller individuals (49).
Furthermore, it is harder to measure hip circumference than
WC, since there is a need to accurately identify the point of
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maximal protrusion of the buttocks in obese people (14). A
former study argued that the area under the ROC for WHR for
hypertension was reported as the lowest among anthropometric
indices (50). This finding is in line with the results of our study.
Most importantly, WHR and WC are not suitable measures due
to the variously reported cutoffs for the two sexes (45, 51).

The current study had several strengths. Firstly, to the
best of our knowledge, this is the first prospective cohort
study comparing obesity anthropometric indices in patients
with diabetes. Secondly, it used a prospective cohort design
as well as a large population-based sample. Thus, there is
a clear causality between incident hypertension and obesity
anthropometric indices. Thirdly, professional interviewers
performed several interviews. Anthropometric data were
recorded through repeated measurements in accordance with
a standard protocol. Such procedures helped to reduce bias.
This study had several limitations. Firstly, since our study
population was limited to the Iranian ethnicity, caution should
be taken when extrapolating the results to other ethnicities.
Secondly, since the participant’s diet details were not available,
we couldn’t adjust for hypertension-related covariates, such
as salt and fat intake. Thirdly, repeated measures of the
anthropometric indices and other variables measured at
baseline, were not available for all the patients, so we could
not analyze the role of time-varying indices and adjust for the
time-varying confounders.

CONCLUSION

The present prospective study showed that WHtR is a more
accurate screening tool for HTN than WHR and BMI in
patients with type 2 diabetes. Our data reinforce the significance
of including the most accurate anthropometric indices in the

public health strategies to prevent and control the obesity
epidemic and address the risk of developing hypertension.
Therefore, WHtR could be recommended as a useful and
accurate screening tool to predict hypertension due to its high
discriminative power.
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Introduction: Glycemic control is a valuable goal for people with diabetes; however, the
greatest challenge to achieving tight glycemic control is hypoglycemia. Hypoglycemic
events are probably common in type 1 diabetes; however, little is known about
hypoglycemia in Ethiopia. Therefore, this study aimed to assess the prevalence and the
associated factors of hypoglycemia among type 1 diabetes (T1D) patients after insulin use
at Metu Karl Referral Hospital in southwest Ethiopia.

Materials andMethods: A hospital-based cross-sectional study was conducted among
242 T1D patients at Metu Karl Referral Hospital in southwest Ethiopia. The prevalence of
hypoglycemia was assessed by a structured questionnaire through a face-to-face
interview in which all the possible symptoms of hypoglycemia were included. If the
patients reported that they had experienced the symptoms at least two times in a month
and the symptoms were relieved upon consuming sugar/candy/honey, such cases were
considered to have had a hypoglycemic episode. Binary logistic regression analysis was
done to identify the factors associated with the occurrence of hypoglycemia.

Results: Out of 242 T1D patients interviewed, 114 (47.1%) had self-reported
hypoglycemia. The most reported symptom of hypoglycemia was sweating (91.7%),
followed by dizziness and hunger and nausea with a prevalence of 24.8 and 14.5%,
respectively. The study also found that educational level with reading and writing skills up
to primary level [adjusted odds ratio, AOR = 0.41; 95% confidence interval, CI (0.19–0.88)]
and secondary level and above [AOR = 0.32, 95% CI (0.14–0.70)], poor knowledge of
diabetes [AOR = 2.26, 95% CI (1.06–4.84)], good knowledge of insulin self-administration
[AOR = 0.54, 95% CI (0.30–0.99)], and duration of insulin use ≥5 years [AOR = 3.93, 95%
CI (1.44–10.7)] were factors associated with hypoglycemia.

Conclusions: The prevalence of hypoglycemia was found remarkable. We can conclude
that hypoglycemia is of public health importance among T1D patients. Since the study
assesses hypoglycemia after insulin injection, this prevalence may be due to the poor
practice of insulin injection. Therefore, imparting education on the proper technique of
insulin administration should be considered at each follow-up visit.
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INTRODUCTION

Diabetes mellitus significantly contributes to the global health
burden in the 21st century (1). Achieving good glycemic control
is a valuable goal for people with diabetes (2); however,
hypoglycemia is the greatest challenge to achieving tight
glycemic control (3–7), which results in declined drug
compliance, cardiovascular events, and even mortality (3). It is
also related to a negative impact on health-related quality of life,
healthcare resource use, and work productivity (5).

Hypoglycemic events are probably common in diabetic
patients who use insulin (4, 8–12), and patients with type 1
diabetes (T1D) are more likely to develop hypoglycemia as
compared with type 2 diabetic patients (4, 5, 13, 14). One of
the most feared complications of diabetes treatment is
hypoglycemia (15), which commonly occurs in clinical practice
as approximately 90% of all patients who receive insulin have
experienced hypoglycemic episodes (16).

Hypoglycemia, also known as an insulin reaction or insulin
shock, is a clinical and biological syndrome caused by an
abnormal decrease in plasma glucose levels to below 70 mg/dl
and responsible for non-specific signs and symptoms, including
shakiness, nervousness, sweating, chills and clamminess,
dizziness, hunger and nausea, confusion, weakness, sleepiness,
seizures, and loss of consciousness (17, 18). It is categorized as
either mild or severe based on the seriousness of the event and
whether it requires external support or is self-limiting (19, 20).

The factors associated with hypoglycemia are varied. It may
include age, sex, occupational status, residence, body mass index,
missed meals or inadequate caloric intake, alcohol consumption,
concurrent use of an opioid, level of fasting blood sugar, blood
glucose monitoring, glucose checkup period, insulin or diabetes
medications, duration of diabetes, and presence of stroke (3, 5, 8,
21–24).

Individuals with T1D require a lifelong insulin supply for
good treatment results. The most common problem among
patients with T1D is lack of adherence to insulin therapy. The
fear of hypoglycemia is the principal factor associated with their
nonadherence to insulin therapy (25, 26). Like other diabetes
complications, prevention is the best remedy for hypoglycemia,
and recognizing the associated risk factors is the first step (27).
Recognition of the problem, assessment of the risk factors, and
application of the principles of intensive glycemic management
are very important in reducing the possibility of hypoglycemia
(28). The prevention and treatment of hypoglycemia in patients
with T1D needs greater vigilance and education (29).
Hypoglycemia in people living with diabetes mellitus is an
unexplored area in literature in Africa (30), including Ethiopia.
Any intervention aimed at preventing hypoglycemia in patients
with T1D can only be possible when there is sufficient data on the
issue. Therefore, this study aimed to assess the prevalence and
Abbreviations: AOR, adjusted odds ratio; CI, confidence interval; COR, crude
odds ratio; DM, diabetes mellitus; G-8, grade 8; MKRH, Metu Karl Referral
Hospital; SPSS, Statistical Package for the Social Sciences; SD, standard deviation;
T1D, type 1 diabetes.
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the associated factors of hypoglycemia among T1D patients after
insulin use at Metu Karl Referral Hospital in southwest Ethiopia.
MATERIALS AND METHODS

Study Setting and Period
The study was conducted at Metu Karl Heinz Referral Hospital
(MKRH) from January 1 to 30, 2019. MKRH is located in the
Oromia region, Ilu Abbabor zone, Metu town, 600 km southwest
of Addis Ababa, the capital city of Ethiopia. The details of the
study area were better described in a previous publication (31).

Study Design and Populations
A cross-sectional study was carried out. All insulin-dependent
self-injecting T1D patients who had chronic follow-up visits at
Metu Karl Referral Hospital during the study period were
included in the source population. The study population was
randomly selected among self-injecting T1D patients who fulfill
the inclusion criteria during the study period. The details of the
study population were better explained in a previous
publication (31).

Sample Size Determination
The sample size was determined using a single-population
proportion formula with an input of the expected proportion
of hypoglycemia patients (50%), 5% margin of error, and 95%
confidence level. The sample size computed was 384. However,
the source population (N = 535 patients who were taking insulin
therapy at the time of data collection) was less than 10,000; by
applying the correction formula, it then became 223, but by
adding 10% for non-response compensation, the final sample
size was determined to be 245.

Sampling Method
Unless there is any disease-related emergency, every diabetes
patient is set with a monthly appointment to have a checkup and
for them to collect their monthly medication. A systematic
random sampling method was used to select the study
populations. The details of the sampling method were better
explained in a previous publication (31).

Study Variables and Measurements
The dependent variable was hypoglycemia. The independent
variables were sociodemographic factors (age, sex, marital status,
and educational status), knowledge of diabetes, knowledge of
insulin self-administration, and health profiles [family history of
diabetes mellitus (DM), membership in a DM association, and
duration of insulin use].

Hypoglycemia is a clinical and biological syndrome which is
responsible for non-specific signs and symptoms, including
shakiness, nervousness, sweating, chills and clamminess,
dizziness, hunger and nausea, confusion, weakness, sleepiness,
seizures, and loss of consciousness (18), and the symptoms are
relieved upon consuming sugar/candy/honey (32).
October 2021 | Volume 12 | Article 684570
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Prevalence was defined as the frequency at which the study
subjects experienced at least two symptoms of hypoglycemia in
the last month.

Good knowledge of insulin self-administration refers to a
person who scores greater than the mean value (≥5 or ≥62.5%) of
knowledge-based questions; otherwise, knowledge of insulin self-
administration is considered poor (31).

Awareness of hypoglycemia is demonstrated by participants
who answered “always” to the question “Can you feel when your
blood sugar is low?”; otherwise, they were classified as unaware of
hypoglycemia (33).

Data Collection Instrument
and Procedures
The data were collected through a face-to-face interview. The
prevalence of hypoglycemia was assessed by a structured
questionnaire in which all the possible symptoms of
hypoglycemia were included (18). Two criteria were used, both
of which suggest that the symptoms of a patient result from
hypoglycemia. The criteria include the following:

1. symptoms of hypoglycemia happening after injecting insulin
2. relief of the symptoms using sugar/candy/honey

The common symptoms of hypoglycemia were listed. The
patients were asked if they had ever experienced any one of the
listed symptoms after injecting insulin in the past month. If
the answer was “yes”, then they were enquired about the
frequency of the above-mentioned symptoms. If they answered
that they had experienced the symptoms at least two times in a
month and the symptoms were relieved upon consuming sugar/
candy/honey, then they were considered to have had a
hypoglycemic episode. Hence, if the abovementioned criteria
were met, the patients were identified to have had a
hypoglycemic episode. A hypoglycemic event that required the
assistance of another person or which required medical
assistance in a hospital for corrective measures was
documented as a severe episode of hypoglycemia. The
questionnaire was tested for reliability and validity. The face
validity was performed by an internist who worked at the
Frontiers in Endocrinology | www.frontiersin.org 3154
diabetes clinic of the hospital. The reliability of the analysis
was determined using Cronbach’s alpha test where the reliability
coefficient was found to be significant (Cronbach’s alpha: 0.77).
To assess the quality, the questionnaire had been pre-tested in
similar setups before the actual data collection was commenced.
Training was given to data collectors and supervisors concerning
the objective and the process of data collection.

Data Processing and Analysis
The data collected were entered into Epi-data, version 4.2.0.0,
and analyzed using SPSS, version 20. Binary logistic regression
analysis was done. Independent variables with a P-value of less
than 0.25 in bivariate logistic regression were included in
multivariable logistic regression. Multivariable logistic
regression analysis was done to control for potential
confounding factors and identify the most important
determinate variables. The level of significance was declared at
P-value <0.05 in the multivariable logistic regression analysis.
RESULTS

Socio-Demographic Characteristics
Of the sample size of 245, 242 T1D patients have participated in
the study, yielding a response rate of 98.7%. The mean age of the
respondents was 33.7 ( ± 12.6 SD) years, with a range of 19 to 70
years. The majority (45.4%) of the respondents were in the age
group of 19–28 years. One hundred eight (44.6%) of the
participants were Protestant followers. One hundred twelve
(46.3%) and 58 (24%) of the respondents were out of marriage
and cannot read and write, respectively (Table 1).

Health-Related Profiles
Ninety-nine (40.9%) of the respondents had a family history of
diabetes. One hundred forty-one (58.3%) of the participants were
members of Ethiopian diabetes associations. One hundred
ninety-five (80.6%) of the respondents had good knowledge of
diabetes. The majority (61.6%) of the respondents had poor
knowledge of insulin self-administration. More than three-
October 2021 | Volume 12 | Article 684570
t

TABLE 1 | Socio-demographic characteristics of type 1 diabetes patients at metu karl heinz referral hospital in ethiopia.

Variables Categories Frequency Percen

Age group (years) 19–28 110 45.4
29–38 57 23.6
39–48 41 16.9
49–58 14 5.8
59–70 20 8.3

Sex Male 98 40.5
Female 144 59.5

Religion Protestant 108 44.6
Orthodox 75 31.0
Muslim 59 24.4

Marital status Out of marriage 112 46.3
Within marriage 130 53.7

Educational status Cannot read and write 58 24.0
Can read and write up to G-8 85 35.1
Secondary and above 99 40.9
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fourth (88%) of the respondents were treated for five or more
years (Table 2).

Prevalence of Self-Reported Hypoglycemia
Of the 242 respondents interviewed, 170 (70.3%) respondents
were aware of hypoglycemia symptoms. One hundred fourteen
(47.1%) respondents reported a history of hypoglycemia after
injecting insulin. A total of 366 hypoglycemic events happened
in the last month. The most reported symptom of hypoglycemia
was sweating (91.7%), followed by dizziness and hunger and
nausea with a prevalence of 24.8 and 14.5%, respectively
(Table 3). Of those who developed hypoglycemia, 86 (75.4%),
20 (17.6%), and eight (7.0%) were managed by home treatment
using sugar, candy, and honey, respectively. No respondent
reported inpatient admission to the hospital due to hypoglycemia.

Factors Associated With Hypoglycemia
After adjusting for age group, educational status, and knowledge
of insulin self-administration as confounding factors,
educational status, knowledge of diabetes and insulin self-
administration, and duration of insulin use were significantly
associated with hypoglycemia at a P-value <0.05 (Table 4).
DISCUSSION

Indeed it is impossible to eliminate hypoglycemia from the lives of
T1D patients (34), but recognition of the problem, evaluation of
the risk factors, and application of the principles of intensive
glycemic management are very important for minimizing
hypoglycemia (28). Based on the abovementioned facts, this
study aimed to assess the prevalence and the associated factors
of hypoglycemia among T1D patients after insulin use at Metu
Karl Referral Hospital in southwest Ethiopia. As a result, the
proportion of self-reported hypoglycemia among type 1 diabetes
was 114 (47.1%), at 95% confidence interval of 40.8–53.4%. This
study was in line with 50% of the RECAP-DM study in Argentina
(35). This finding was lower than 86.7% in Debre Markos Referral
Hospital (5), 88% in Tikur Anbessa Specialized Hospital (23), and
94.3% in St. Paul’s Hospital Millennium Medical College (22)
studies in Ethiopia and 91.7% from HAT study in Brazil (36),
97.1% in Colombia (37), 97.4% from an international survey in
Frontiers in Endocrinology | www.frontiersin.org 4155
nine countries (38), and 100% from the Southeast Asia cohort of
IOHAT study (39). The variation observed between this and other
studies may be due to the operational definition used. Unlike other
studies, this study classified the individuals as having experienced
hypoglycemia when they experience the hypoglycemia symptoms
at least two times in 1 month. Besides that, unlike this study, the
other studies with a reported high prevalence were done in more
urban and vigilant societies, such that the subjects may be easily
aware of a hypoglycemic episode, resulting in increased reports of
hypoglycemia symptoms.

Respondentswhocan readandwrite andwithup toprimaryand
secondary and above education were 59 and 68%, respectively, less
likely to develop hypoglycemia. Being educated was significantly
associated with less occurrence of hypoglycemia. This could be
because an individual who had better education may be associated
with better knowledge of good insulin administration techniques to
avoid the problem resulting from using an inappropriately high
dose of insulin. This finding was supported by Wako et al., who
revealed that low educational status was associated with the
occurrence of hypoglycemia (23).

Respondents who had good knowledge of insulin self-
administration were 46% less likely to develop hypoglycemia than
those who had poor knowledge of insulin self-administration.
Having good knowledge may be related to less chance of
acquiring hypoglycemia. This could be explained by the good
knowledge of insulin self-administration, which may prevent
relatedhypoglycemiadue toan inappropriatelyhighdoseof insulin.

Respondents who had poor knowledge of diabetes had 2.3 times
increased odds of developing hypoglycemia than those who had
good knowledge of diabetes. Having good knowledge of diabetes
was significantly associated with less chance of developing
hypoglycemia. This could be due to the good knowledge of
diabetes being related to good knowledge of managing diabetes
and the ways on how to prevent related complications. This finding
was in line with a study by Gebrewahd and Teklewoini, which
revealed that good knowledge of diabetes and hypoglycemia and a
favorable attitude towards diabetes are positive predictors of good
hypoglycemia prevention practice (40).

Respondents who were treated for 5 or more years had 3.9
times increased odds of developing hypoglycemia than those
who were treated for less than 5 years. One of the reasons for
recurrent hypoglycemia in patients with diabetes for more than
TABLE 2 | Health-related profiles of type 1 diabetes patients at metu karl heinz referral hospital in ethiopia.

Variables Categories Frequency Percent

Family history of diabetes Yes 99 40.9
No 143 59.1

Member of the diabetes association Yes 141 58.3
No 101 41.7

Knowledge of diabetes Good 195 80.6
Poor 47 19.4

Knowledge of insulin self-
administration

Good 93 38.4
Poor 149 61.6

Duration of insulin therapy (years) <3 11 4.5
3–5 18 7.4
≥5 213 88.0
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5 years could be “unrecognized” chronic kidney disease, as the
kidney is the site for the degradation of insulin. Besides this, it
could be due to the fact that those who are treated for a long
duration may have become fatigued and caught napping on the
techniques to administer insulin by themselves. This finding was
supported by studies done in Ethiopia (5, 22).

Strengths and Limitations of the Study
Despite that this study assesses the most understudied problem
in Ethiopia, it has some limitations. First was the failure to use a
finger stick blood glucose test since hypoglycemia was based on
self-reported hypoglycemia symptoms. Secondly, the study was
carried out in a single referral hospital; the findings from this
study cannot be generalized to different populations and settings
across Ethiopia. Lastly, there was failure to assess the daily
activity of patients and their nutritional intake as factors
associated with the outcome variable.
CONCLUSION

The prevalence of hypoglycemia among T1D patients in the
study area was found remarkable. We can conclude that
Frontiers in Endocrinology | www.frontiersin.org 5156
hypoglycemia is a public health problem among T1D patients.
Since the study assesses hypoglycemia after insulin injection, this
prevalence may be due to the poor practice of insulin injection.
Therefore, imparting education on the proper technique of
insulin administration should be considered at each follow-
up visit.
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TABLE 3 | Self-reported symptoms of hypoglycemia among type 1 diabetes patients at metu karl heinz referral hospital in ethiopia.

Symptoms of hypoglycemia Categories Frequency (n) Percent (%)

Sweating Yes 222 91.7
No 20 8.3

Dizziness Yes 60 24.8
No 182 75.2

Hunger and nausea Yes 35 14.5
No 207 85.5

Sleepiness Yes 22 9.1
No 220 90.9

Chills and clamminess Yes 18 7.4
No 224 92.6

Shakiness Yes 9 3.7
No 233 96.3
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TABLE 4 | Factors associated with hypoglycemia among type 1 diabetes patients at metu karl heinz referral hospital in ethiopia.

Variables Categories Hypoglycemia COR (95% CI) AOR (95% CI)

Yes No

Age group (years) 19–28 50 60 1 1
29–38 25 32 0.94 (0.49–1.79) 1.10 (0.53–2.28)
39–48 23 18 1.53 (0.75–3.16)* 1.00 (0.42–2.35)
49–58 5 9 0.67 (0.21–2.12) 0.36 (0.10–1.26)
59–70 11 9 1.47 (0.56–3.82) 1.15 (0.40–3.32)

Educational status Cannot read and write 35 23 1 1
Can read and write up to G-8 37 48 0.51 (0.26–0.99)** 0.41 (0.19–0.88)**
Secondary and above 42 57 0.48 (0.25–0.94)** 0.32 (0.14–0.70)**

Knowledge of diabetes Yes 85 110 1 1
No 29 18 2.09 (1.09–4.00)** 2.26 (1.06–4.84)**

Knowledge of insulin
self-administration

Good 64 85 0.65 (0.39–1.09)* 0.54 (0.30–0.99)**
Poor 50 43 1 1

Duration of insulin use <5 years 6 23 1 1
≥5 years 108 105 3.94 (1.54–10.1)** 3.93 (1.44–10.7)**
AOR, adjusted odds ratio; CI, confidence interval; COR, crude odds ratio.
*p-value < 0.25, **p-value < 0.05.
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informed consent was also obtained before participation in
the study.
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Aims: Obesity is a heterogeneous disease in terms of body mass index (BMI) and
metabolic status. The purpose of this study was to investigate the risk of type 2
diabetes mellitus (T2DM) in subjects with metabolically abnormal but normal weight
(MANW) in China.

Materials and Methods: A prospective cohort with a total of 17,238 participants of the
Zhejiang metabolic syndrome cohort was recruited. According to the standard of the
Working Group on Obesity in China, general obesity is defined. Metabolic abnormality was
defined as two or more abnormal components (elevated triglycerides (TG), low high-
density lipoprotein cholesterol (HDL-C), elevated systolic blood pressure (SBP) or diastolic
blood pressure (DBP) or use of antihypertensive therapy, and elevated fasting plasma
glucose or antidiabetic treatment). The hazard ratio (HR) and its 95% CI were calculated
using a multiple regression model, adjusted for the potential confounding factors.

Results: Compared with metabolically normal and normal weight (MNNW) subjects, the
metabolically abnormal and obesity/overweight (MAO) subjects had the highest risk of
T2DM disease, with an HR of 4.67 (95% CI: 3.23–6.76), followed by MANW subjects
(HR = 2.61, 95% CI: 1.74–3.92) and metabolically normal but obesity/overweight (MNO)
subjects (HR = 2.09, 95% CI: 1.29–3.38) after adjusting for age, sex, smoking, drinking,
physical activity, and family history of diabetes. Compared with that in the MNNW
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subjects, the HR in MANW subjects was significantly higher than that in MNO subjects. In
normal-weight subjects, the HR of T2DM was significantly positively correlated with the
number of components with metabolic abnormalities.

Conclusions: MANW subjects had a higher risk of T2DM. MANW subjects should be
given more attention in the prevention and control of common chronic diseases.
Keywords: obesity, heterogeneity, type 2 diabetes mellitus, metabolically abnormal but normal weight (MANW),
metabolically normal but obesity/overweight (MNO)
INTRODUCTION

Over the past few decades, the prevalence of overweight and
obesity has risen rapidly around the world and has become a
serious public health concern (1). Obesity increases the risks of
cardiovascular disease, type 2 diabetes mellitus (T2DM), and all-
cause mortality (2). Obesity is a heterogeneous disease with
different phenotypes. According to the metabolic status, obesity
can be divided into metabolic normality and abnormality obesity
(3). Subjects who are obese without metabolic abnormalities are
called metabolically normal but obesity/overweight (MNO) and
account for about 18%–44%. About 5%–45% of individuals with
normal weight have abnormal metabolic profiles (4, 5), which are
known as metabolically abnormal but normal weight (MANW)
population, and this group is relatively easy to ignore. Currently,
many studies have been conducted on the relationship between
MNO and the risk of developing diabetes, although the findings
are inconsistent (6–8). However, there are relatively few studies
on the risk of diabetes in MANW.

Previous studies have reported that MANW subjects might
have an increased risk of long-term effects (8–11), but there was
not enough research on the risk of diabetes in MANW. There is
little reliable evidence from prospective studies with large sample
size, especially in Chinese groups. Unlike Westerners, the
Chinese had a lower body mass index (BMI) and smaller body
size but had a higher body and visceral fat and a lower fat-free
mass (12). In comparison with Caucasians, Chinese have more
severe adverse profiles of metabolic components at the same BMI
(13, 14). Therefore, it is of far-reaching significance to determine
the relationship between different metabolic phenotypes and the
risk of developing diabetes in a Chinese population, especially to
determine the relationship between this MANW population that
is not easy to pay attention to and diabetes.

In this study, we investigated the association between the
heterogeneous phenotype of obesity and the risk of T2DM using
a prospective cohort study of a total of 17,238 participants in
China, and we tested the hypothesis that MANW individuals are
at increased risk of diabetes.
ormal and normal weight; MANW,
ht; MNO, metabolically normal but
normal and obesity/overweight; BMI,
; TG, triglycerides; FPG, fasting plasma
in cholesterol; SBP, systolic blood
e; LDL-C, low-density lipoprotein
waist–height ratio.
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MATERIALS AND METHODS

Study Population
The subjects were recruited from the Zhejiang metabolic
syndrome cohort in the Zhejiang Province, Southeastern China.

The cohort is a community-based prospective cohort that
started from 2010 to 2014. This investigation was a study of
22,649 participants in five counties/communities in Zhejiang
Province. The subjects were recruited from the residents of the
cluster sample communities. This sample can represent the general
population of the Zhejiang Province in terms of geographical
location, demographic characteristics, and socioeconomic status.
The epidemiological investigation, clinical health examination, and
routine biochemical measurements were conducted at baseline.
The protocols have been described in detail in the previous studies
(1, 2, 15) and are briefly described below.

The participants were recruited for this study if they were ≥18
years old and had a BMI ≥18.5 kg/m2. Participants were excluded
from baseline if they had cancer, diabetes, severe cardiovascular
disease, or cerebrovascular disease (angina, cerebral infarction,
and renal insufficiency) or if they had missing data for physical
examination, such as weight, height, blood pressure (BP), waist
circumference (WC), or biochemical determination, including
triglycerides (TG), high-density lipoprotein cholesterol (HDL-
C), and fasting plasma glucose (FPG). The participants who
failed follow-up or migrated to other places (out of the county or
city) were also excluded from the study. Ultimately, a total of
17,238 participants were recruited in the cohort.

The protocol was approved by the Ethics Committees of both
Zhejiang University School of Medicine. Written informed
consent was obtained from each participant.

Epidemiological Investigation and
Anthropometric Measurements
At the baseline, the participants were interviewed face to face with a
structured questionnaire; the details were reported previously (2,
16). The information solicited in the questionnaire included
demographic data, such as date of birth, sex, educational level,
smoking and alcohol drinking behaviors, physical activity, dietary
habits, and family history of diabetes. Original smoking behavior in
the cohort was investigated as current, previous, and never. Current
smoking was defined as a person’s smoking at least one cigarette per
day for (at least) 1 year. Previous smoking was defined as a person’s
having quit for at least 1 year. Both current smoking and previous
smoking were defined as smoking in the multiple regression. The
alcohol consumption in the cohort was measured as the frequency
November 2021 | Volume 12 | Article 724873
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of drinking and was categorized into two groups: ≥3 times/week and
<3 times/week. The smoking rate and drinking rate were calculated
as the percentage of smokers or drinkers in each group. Information
on physical activity was collected with the International Physical
Activity Questionnaire (IPAQ) (short vision) (3). According to the
instructions, calculate the energy consumed by each activity in units
of metabolic equivalent (MET) minutes per week (MET-m/week).
The threshold of total physical activity ≥600 MET-m/week is
considered to be a moderate or high physical activity level.
Calculate the sedentary time per week, and divide the participants
into light, moderate, and heavy according to the quartile of
sedentary time.

The anthropometric index, which includes weight, height,
WC, systolic BP (SBP), and diastolic BP (DBP), were measured
by well-trained investigators or doctors with a standard protocol
(2). Height and weight were measured when the subjects wore
light clothing and without shoes. WC was measured at the
midpoint between the iliac crest and lowest rib. The record
retains a decimal place. BP was measured in a sitting position
with a mercury sphygmomanometer. SBP and DBP were reported
as the average of three repeat measurements at 30-s intervals.

The overnight fasting blood samples were collected for each
subject. Biochemical variables, including TG, total cholesterol
(TC), HDL-C, and low-density lipoprotein cholesterol (LDL-C),
were determined by a biochemical autoanalyzer (Hitachi 7060,
Tokyo, Japan). FPG was analyzed using the glucose oxidase
method with the Beckman Glucose Analyzer (Beckman
Instruments, Irvine, CA, USA).

Definitions of Obesity and
Metabolic Abnormality
BMI was calculated as weight (kg) divided by the square of height
(m2). General obesity was defined by BMI with the criteria of the
Working Group on Obesity in China (WGOC) (4). Obesity was
operationalized as a BMI ≥28 kg/m2, overweight was a BMI ≥24
and <28 kg/m2, and normal weight was a BMI ≥18.5 and <24 kg/
m2. Metabolically abnormal components included 1) high TG
(≥1.7 mmol/L), 2) low HDL-C (men <1.03 mmol/L and women
<1.29 mmol/L), 3) high SBP (≥130 mmHg) or DBP (≥85 mmHg)
or use of antihypertensive drug therapy, and (16) high FPG (≥5.6
mmol/L) or antidiabetic treatment (5). Metabolic abnormality
was defined as ≥2 abnormal components, whereas metabolic
normality was defined as ≤1 abnormal component.

Therefore, metabolically normal and normal weight (MNNW)
represents metabolic normality and normal weight, and MANW
represents metabolic abnormality but normal weight. Metabolically
abnormal and obesity/overweight (MAO) represents metabolic
abnormality and obesity/overweight, whereas MNO represents
metabolic normality but obesity/overweight.

Follow-Up and Case Ascertainment
All the subjects were followed up after the baseline investigation
and ended on the date of diagnosis of T2DM, lost to follow-up,
or censoring date (December 31, 2017), whichever came first.
After exclusion of type 1 diabetes mellitus, gestational diabetes
mellitus, or diabetes due to other causes, T2DM was defined
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using the following criteria: 1) FPG ≥7.0 mmol/l, 2) any
treatment for diabetes, and 3) self-reported history of diabetes,
which were previously diagnosed by clinical physicians.

In the cohort, the incidence of T2DM was identified through
the Zhejiang Chronic Disease Surveillance System or by field-
epidemiological investigation. The details of the Zhejiang
Chronic Disease Surveillance System were reported previously
(15). The investigators also asked each participant if they had
ever been diagnosed with T2DM by clinical physicians.

Statistical Analyses
Continuous variables of normal distribution were described as
mean and SDs, while continuous variables of skewed distribution
were expressed as medians and interquartile ranges (IQRs).
Categorical variables were expressed as number (%).

The chi-square test was used to compare categorical variables
such as metabolic components and behavioral factors. One-way
ANOVA was used to compare the four metabolic phenotypes.

The person-year of follow-up was calculated from the date of
recruitment to the end of the follow-up period. The incidence of
T2DM was calculated as the number of new cases divided by the
person-years of follow-up. We have tested assumptions of the Cox
proportional-hazardsmodel using the Kaplan–Meier survival curves
andagraphical approachbasedonacumulative risk function, and the
study was consistent with the Cox proportional-hazards model
assumptions. The hazard ratio (HR) and its 95% CI of the obese
phenotypes were calculated using a multiple Cox regression model,
with theMNNWgroup as a reference group. There are threemodels
used in the analysis to adjust for potential confounding factors:
unadjusted model 1, model 2 with adjustments for age and sex, and
model 3 with adjustments for age, sex, smoking, drinking, physical
activity, and family history of diabetes.

In the sensitivity analysis, we first excluded subjects whose
outcomes occurred in the first 2 years of follow-up to avoid
reverse causation. The analysis was performed using the strict
definition of metabolic normality as zero abnormal components,
while metabolic abnormality was defined as ≥1 abnormal
components. We also analyzed subjects who were restricted to
non-smokers or stratified by sex.

A two-tailed p < 0.05 was considered statistically significant.
All statistical analyses were conducted using PASW Statistics
version 20.0 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS

Baseline Characteristics of the Subjects
Therewere17,238participants recruited in this study.Theirmeanage
is 54.1 years (SD: 13.9 years), and 42.6% of the subjects were male.

The basic characteristics of the subjects with the four obesity
phenotypes arepresented inTable 1. TheprevalenceofMAO,MNO,
and MANW among the subjects was 25.8%, 13.4%, and 25.1% (in
Supplementary Table 1). There were significant differences in
anthropometric variables and metabolic components among the
subjects with the four obesity phenotypes except for drinking rate
(all p-values <0.05).
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The Risk of Type 2 Diabetes Mellitus in
Subjects With Different Metabolic
Phenotypes of Obesity/Overweight
In the Zhejiang cohort, 327 new T2DM cases were identified
during follow-up. The MNNW subjects had 41,233.0 person-years
of follow-up, whereas MNO had 15,705.0 person-years, MANW
Frontiers in Endocrinology | www.frontiersin.org 4162
had 27,945.0 person-years, and MAO had 292,74.0 person-years.
The incidence rates of T2DM in the MNNW, MNO, MANW, and
MAO were 1.02, 2.23, 3.08, and 5.60 per 1,000 person-years,
respectively. The overall trends of T2DM incidence in the
subjects with different phenotypes of obesity/overweight are
presented in Figure 1 and Table 2. The subjects with MAO had
TABLE 1 | Baseline characteristics of subjects in the Zhejiang cohorts.

Variables Zhejiang cohort

MNNW MNO MANW MAO P-Value

Number 6,159 2,315 4,321 4,443
Men (%) 42.3 44.5 41.4 43.2 <0.001
Age (years) 49.3 (14.2) 49.2 (12.3) 60.6 (12.5) 56.8 (12.1) <0.001
Weight (kg) 55.7 (6.7) 67.7 (8.4) 55.5 (7.0) 68.6 (9.0) <0.001
BMI (kg/m2) 21.4 (1.5) 26.1 (2.0) 21.8 (1.5) 26.7 (2.2) <0.001
WC (cm) 75.1 (6.8) 85.8 (7.2) 77.7 (6.5) 88.7 (7.3) <0.001
Smoking rate, n (%) 1,419 (24.5) 519 (23.7) 892 (21.9) 923 (21.9) 0.003
Drinking rate, n (%) 1,504 (27.3) 562 (27.0) 1,045 (27.0) 1,074 (26.5) 0.829
Physical activity <0.001
Heavy, n (%) 1,094 (19.2) 395 (18.4) 653 (16.2) 706 (16.8)
Moderate, n (%) 1,096 (19.3) 439 (20.5) 604 (15.0) 621 (14.8)
Light, n (%) 3,495 (61.5) 1,310 (61.1) 2,780 (68.9) 2,869 (68.4)

SBP (mmHg) 115.2 (11.6) 118.3 (10.4) 143.3 (20.2) 142.9 (19.7) <0.001
DBP (mmHg) 70.7 (8.4) 73.6 (7.8) 83.0 (11.2) 85.0 (11.4) <0.001
TG (mmol/l) 1.1 (0.6) 1.4 (0.8) 1.8 (1.4) 2.2 (1.6) <0.001
FPG (mmol/l) 4.7 (0.6) 4.8 (0.6) 5.0 (0.7) 5.1 (0.7) <0.001
HDL-C (mmol/l) 1.7 (6.6) 1.6 (6.6) 1.5 (5.0) 1.5 (8.8) <0.001
Novemb
er 2021 | Volume 12 | Articl
MNNW, metabolically normal weight; MANW, metabolically abnormal but normal weight; MNO, metabolically normal obesity/overweight; MAO, metabolically abnormal obesity/
overweight; n (%), count (percentage); BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; FPG, fasting
plasma glucose; HDL-C, high-density lipoprotein cholesterol.
FIGURE 1 | The overall trends of the cumulative incidence of T2DM in the subjects with different phenotypes of obesity after follow-up in the Zhejiang cohort. The
subjects with MAO (red and solid line) had the highest incidence of T2DM, followed by MANW (blue and dotted line) and MNO (green and dashed line). MNNW
(black and dashed-dotted line) had a lower risk. T2DM, type 2 diabetes mellitus; MAO, metabolically abnormal and obesity/overweight; MANW, metabolically
abnormal but normal weight; MNO, metabolically normal but obesity/overweight; MNNW, metabolically normal and normal weight.
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the highest incidence of T2DM, followed by MANW, MNO, and
MNNW (Figure 1). After adjustment for age, sex, smoking,
drinking, physical activity, and family history of diabetes in a
multiple Cox regression model, MAO increased the risk for
T2DM, with an HR of 4.67 (95% CI: 3.23–6.76) compared with
that of the MNNW subjects. MANW and MNO had HRs of 2.61
(95% CI: 1.74–3.92) and 2.09 (95% CI: 1.29–3.38), respectively
(Table 2). Consistent results were found in model 1 and model 2.
In analyzing the subjects with overweight and obesity, subjects
with metabolic abnormalities had a risk of T2DM, with HRs
of 5.92 (3.77–9.31) for obesity, 4.29 (2.92–6.31) for overweight,
and 2.60 (1.73–3.90) for normal weight. The subjects with
metabolically normal obesity had risks of 3.08 (1.30–7.30) and
1.93 (1.16–3.23) in metabolically normal overweight subjects.
However, no significant interaction was found (p > 0.05),
and this result may be due to the limited sample size
(Supplementary Table 2).

The Correlations Between the Number of
Components With Metabolic Abnormalities
and the Risk of Type 2 Diabetes Mellitus in
Normal-Weight Subjects
Table 3 shows the correlations between the number of
components with metabolic abnormalities and the HRs of
T2DM with the normal-weight subjects. Taking subjects with
no abnormal component as a reference, all other subjects had an
increased risk of T2DM after adjusted for age, sex, smoking,
drinking, physical activity, and family history of diabetes.
Frontiers in Endocrinology | www.frontiersin.org November 2021 | Volume 12 | Article 7248735163
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Furthermore, the HRs of T2DMwere 2.38 (95% CI: 1.42–4.01) in
the group with two abnormalities and 3.92 (95% CI: 2.17–7.10)
in the group with three and four abnormalities. The HRs of
T2DM were significantly positively correlated with the number
of components with metabolic abnormalities (all p-values for
trends <0.05).

Sensitivity Analysis
The results of the sensitivity analysis of the study are presented in
Table 4. Consistent results were found after stratification by sex in
males and when using WC as an index of obesity evaluation, and
the risk of MNO compared with MNNW was higher than that of
MANW. No significant difference was found if metabolically
normality was defined as zero abnormalities in metabolic
components or restricting the subjects to non-smokers.

Qualitatively consistent results were also found when the
analysis was performed without adjustment, when adjusting for
sex and age only or when making additional adjustments for
smoking, drinking, physical activity, and family history of
diabetes (Tables 2, 3).
DISCUSSION

In this prospective cohort study, we found that MANW subjects
had a higher T2DM risk than the MNNW subjects. The risk
was also positively correlated with the number of abnormal
components in normal-weight subjects.

There are different metabolic heterogeneities in obese and
normal-weight subjects. Heterogeneous phenotypes may be
associated with the risk of long-term effects. Many previous
studies have investigated the effects of MNO, but the results
have been inconsistent (6–13). These inconsistencies may be due
to the different definitions of obesity and metabolic abnormalities,
race, region, age, gender, etc. These inconsistencies raised the
debate of MNO regarding whether Metabolic health but obesity
(MHO) is a health status or a transitional status to MAO (7, 14).
In this prospective study with a relatively large sample, we found
that MNO increased the risk of T2DM compared with MNNW
counterparts but had less risk than MAO participants. These
results were consistent with many previous studies (6, 12, 13, 17).
TABLE 2 | Incidences and hazard ratios for type 2 diabetes mellitus in different obese/overweight phenotypes in the Zhejiang cohorts.

MNNW MNO MANW MAO

N 6,159 2,315 4,321 4,443
Person years of follow-up 41,233.0 15,705.0 27,945.0 29,274.0
Cases of type 2 diabetes 42 35 86 164
Incidence rate (per 1,000 person years) 1.02 2.23 3.08 5.60
Hazard ratio (95% CI)§

Model 1 Ref 2.20 (1.41–3.45) 3.00 (2.07–4.34) 5.51 (3.92–7.73
Model 2 Ref 2.21 (1.41–3.46) 2.68 (1.83–3.92) 5.12 (3.63–7.22
Model 3 Ref 2.09 (1.29–3.38) 2.61 (1.74–3.92) 4.67 (3.23–6.76
MNNW, metabolically normal and normal weight; MANW, metabolically abnormal but normal weight; MNO, metabolically normal but obesity/overweight; MAO, metabolically abnorma
and obesity/overweight.
§Model 1: unadjusted Cox model. The overall model significance as calculated using Wald test is p < 0.001.
Model 2: adjusted for age and sex. The overall model significance as calculated using Wald test is p < 0.001.
Model 3: adjusted for age, sex, smoking, drinking, physical activity, and family history of diabetes. The overall model significance as calculated using Wald test is p < 0.001.
TABLE 3 | The correlations between the number of components with metabolic
abnormalities and hazard ratios of T2DM in normal-weight subjects.

Number of abnormal metabolic components HR (95% CI)

0 Ref
1 0.83 (0.48–1.46)
2 2.38 (1.42–4.01)
3+4 3.92 (2.17–7.10)
p for trend <0.001
The HR (95% CI) adjusted for age, sex, smoking, drinking, physical activity, and family
history of diabetes.
T2DM, type 2 diabetes mellitus; HR, hazard ratio.
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From this perspective, MNO was not a healthy status but had a
lower risk than that associated with MAO.

Although previous studies have mainly focused on MNO,
recently, researchers have started to pay attention to the biological
effect of MANW.MANW is an individual with a normal BMI and
metabolic abnormalities. This phenotype accounted for
approximately 5% to 45% of the normal-weight individuals
(18). This prevalence varied based on the definition of MANW,
ethnicity, region, age, and gender distributions. In this study, we
found that 25.1% of normal-weight individuals were MANW.
Compared with their MNNW counterparts, MANW subjects
usually have higher levels of visceral and ectopic fat as well as
lower lean body mass and insulin sensitivity (19). MANW
subjects might have higher risks of long-term effects (17, 20,
21). Reliable evidence is still lacking from prospective studies with
large sample sizes, especially from Asian populations, including
Chinese populations. Chinese people usually have a low BMI and
fat-free mass and higher body fat and visceral fat (19), and they
have more abnormal profiles of metabolic components with the
same BMI (22, 23). Therefore, the effects of heterogeneous
phenotypes might be different between Asian and Western
populations. In this study, we found that MANW subjects had
approximately three times the T2DM risk compared with
MNNW subjects (HR = 2.61, 95% CI: 1.74–3.92) in model 3.
Furthermore, MANW subjects also had a higher T2DM risk than
their MNO counterparts when compared with MNNW.

In the cohort, the subjects with obesity and abnormalities also
had the highest risks (HR = 5.92, 95% CI: 3.77–9.31) (in
Supplementary Table 2); however, their interaction did not reach
statistical significance. This negative association might be due to the
limited sample size. In addition to adverse metabolic effects, obesity
has multiple other effects that might increase T2DM risk. On the
other hand, other risk factors induce metabolic abnormalities in
addition to obesity. Therefore, a synergistic effect may be yielded
once obesity and metabolic abnormalities are combined. In
normal-weight subjects, the number of abnormal components
significantly correlated with the HRs of T2DM. Integrating these
results, metabolic status seems more important than obesity. This
finding was consistent with the result of Liu’s study (13).

These results indicated that MANW individuals were also the
higher-risk population for T2DM. Compared with individuals
with MNO and MAO, MANW more easily masks the need for
screening, thereby delaying diagnosis and treatment and
neglecting health management due to seemingly normal weight
or normal BMI. Therefore, the public health implication in this
Frontiers in Endocrinology | www.frontiersin.org 6164
study lies in the fact that phenotype-based management is
important for obesity and that MANW individuals should be
given more attention in clinical and public practice. Our results
showed that the average age of the MANW group was higher
than that of the other three groups and that in addition to weight
control, attention should be paid to changes in biochemical
indicators such as blood glucose, BP, HDL-C, and TG in the
MANW (24), because in these people with normal BMI, it is easy
to ignore the detection of these indicators. Annual health
checkups and the modification of dietary habits are necessary.
For example, improving the diet such as a diet rich in fruits and
vegetables can reduce BP (25), and modifying macronutrient
composition can affect lipid levels (26).

The Zhejiang cohort was recruited with a relatively large
sample size of 17,238 participants and a long follow-up period
of 10 years. The epidemiological data and the biochemical
measurements were collected by trained health professionals
following standard protocols. The incidences of T2DM were
ascertained by record linkage with the data from the local
chronic disease surveillance system or by field-epidemiological
investigation. The potential confounding bias was controlled with
a multiple Cox regression model, although similar results were
found using different models. Sensitivity analysis also indicated
consistent results under different conditions. These strengths
increased the reliability of the evidence.

However, there were some limitations in the study. First, there
were multiple definitions of obesity and metabolic abnormalities,
and no consensus has been reached until now, so the results may
restrict the extrapolation to some previous studies using different
definitions. To increase extrapolation, the present study used the
most common definition of metabolic abnormality of ≥2
abnormal metabolic components. Second, repeated baseline
surveys are ongoing, and the dynamic information on metabolic
and obesity status has not been completely collected.
CONCLUSION

Briefly, we found that MANW subjects had a higher T2DM risk,
and this risk was higher than that in MNO subjects when
compared with MNNW. The risk positively correlated with the
number of abnormal components in normal-weight subjects.
Phenotype-based management is important for obesity, and
MANW individuals should be given more attention in clinical
and public practice.
TABLE 4 | Sensitivity analysis.

MNNW MNO MANW MAO

Metabolic normality that defined as zero abnormal component Ref 0.97 (0.39–2.4) 1.98 (1.22–3.2) 4.18 (2.64–6.63)
Subjects without smoking Ref 1.88 (1.09–3.22) 2.79 (1.79–4.34) 4.00 (2.65–6.05)
WC as index of obesity Ref 3.95 (1.83–8.50) 2.81 (2.06–3.83) 6.57 (4.12–10.46)
after excluding the first 2 years of follow-up Ref 1.89 (1.05–3.42) 2.93 (1.82–4.73) 5.06 (3.26–7.86)
Males Ref 3.57 (1.58–8.05) 3.03 (1.45–6.36) 6.67 (3.39–13.11)
Females Ref 1.62 (0.87–3.01) 2.70 (1.65–4.44) 4.39 (2.78–6.94)
November 2021 | Volume 1
Adjusted for age, sex, smoking, drinking, physical activity, and family history of disease.
MNNW, metabolically normal and normal weight; MANW, metabolically abnormal but normal weight; MNO, metabolically normal but obesity/overweight; MAO, metabolically abnormal
and obesity/overweight; WC, waist circumference.
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Objective: The goal of this study was to systematically summarize and categorize the
syndrome differentiation, medication rules, and acupoint therapy in the domestic
traditional Chinese medicine (TCM) literature on type 2 diabetes mellitus (T2DM), such
that guidelines and new insights can be provided for future practitioners and researchers.

Methods: Taking randomized controlled trials (RCTs) on the treatment of T2DM in
TCM as the research theme, we searched for full-text literature in three major clinical
databases, including CNKI, Wan Fang, and VIP, published between 1990 and 2020.
We then conducted frequency statistics, cluster analysis, association rules extraction,
and topic modeling based on a corpus of medical academic words extracted from
3,654 research articles.

Results: The TCM syndrome types, subjective symptoms, objective indicators, Chinese
herbal medicine, acupuncture points, and TCM prescriptions for T2DM were compiled
based on invigorating the kidney and Qi, nourishing Yin, and strengthening the spleen.
Most TCM syndrome differentiation for T2DM was identified as “Zhongxiao” (the lesion in
the spleen and stomach) and “Xiaxiao” (the lesion in the kidney) deficiency syndromes,
and most medications and acupoint therapies were focused on the “Spleen Channel” and
“Kidney Channel.” However, stagnation of liver Qi was mentioned less when compared
with other syndromes, which did not have symptomatic medicines.

Conclusion: This study provides an in-depth perspective for the TCM syndrome
differentiation, medication rules, and acupoint therapy for T2DM and provides
practitioners and researchers with valuable information about the current status and
frontier trends of TCM research on T2DM in terms of both diagnosis and treatment.

Keywords: type 2 diabetes mellitus, traditional Chinese medicine syndromes, acupoint therapy, Chinese herbal
medicine, text mining
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic endocrine and
metabolic disorder characterized by either reduced insulin
production or insulin resistance resulting in drastically
increased blood glucose levels (1). T2DM has been
contributing to the burden of mortality and disability
worldwide (2). Globally, at least 1 in 11 adults has diabetes
mellitus (nearly 90% of them having T2DM pathology), while the
T2DM cases in Southeast Asia are projected to reach the 151
million mark by the end of 2045 (3–6). The latest
epidemiological survey data indicate that the prevalence of
T2DM in mainland China is about 12.8%, according to the
American Diabetes Association (7). Since the initiation and
progression of diabetes associated with multifaceted comorbid
conditions, it has been urgently required to re-optimize the
diagnostic and treatment procedures, keeping pace with the
advancement of medical sciences and counting in any novel
pathological conditions related to diabetes.

For centuries traditional Chinese medicine (TCM) has been
proven to be highly effective in treating numerous chronic and
critical illnesses, including diabetes, which can be traced back to
the theories illustrated in the Inner Canon of Yellow Emperor.
Notably, the research has found that the clinical benefits of kai-
yu-jiang-zhuo decoction are similar to that of metformin, the
most used diabetes medicine (PMID: 25132859). Other studies
have shown that Tianqi notoginseng root extract can
dramatically reduce the risk of transforming impaired glucose
tolerance into chronic T2DM by nearly 32% compared to a
placebo treatment (PMID: 24432995). Furthermore, routine
treatment with tang-min-ling pills, a combination of ten
Chinese herbal medicines, can significantly improve the insulin
secretion by pancreatic b cells and reduce the level of fasting
blood glucose and glycosylated hemoglobin in patients with
diabetes (PMID: 23231379). Since TCM treatments rely greatly
on the syndrome differentiation, they, can formulate the most
effective personalized herbal medicine regimen. Thus, this
strategy has shown potential efficacy in treating T2DM and
related disorders in several studies (PMID: 16466178, PMID:
7841750, PMID: 11783182).

In TCM, “xiaoke” is the name for diabetes (PMID: 20923535).
Classically, diabetes syndromes can be divided into four
deficiency syndromes: Qi (i.e., life force or vital energy, which
belongs to Yang) deficiency; Yin (i.e., the opposite of Yang; e.g.,
liquid, blood) deficiency and excessive heat syndrome; Qi and
Yin deficiencies and kidney Yin deficiency; and two excess
syndromes that include blood stasis and phlegm-dampness
syndromes (8). In TCM, early-phase diabetes-associated lesions
are also classified distinctly as “shangxiao” for lung lesions,
“xiaxiao” for kidney lesions, and “tripteryg” for spleen and
stomach lesions (PMID: 31704615).

Studies have found that microvascular complications in
diabetes influence chronic comorbid complications (PMID:
27230641). Therefore, in practice, TCM clinicians primarily
focus on removing blood stasis to improve blood circulation,
similar to practices in Western medical therapies (PMID:
23238996). Blood stasis occurs due to Qi deficiency, stagnation,
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and cold retention (PMID: 23163160). Hence, invigorating the
spleen and promoting Qi using TCM herbs can significantly
reduce the risk of diabetic nephropathy (PMID: 28641649).

The treatment for T2DM in TCM includes Chinese herbal
medicine (9–12), acupuncture (13, 14), exercise therapy (15–17),
and diet (18, 19), with their therapeutic effects supported
by previous clinical reports (20). Unlike Western therapies,
which mainly focus on blood glucose regulation in patients
with diabetes, TCM emphasizes symptom improvement,
which can provide long-term benefits and prevent secondary
complications (20).

Despite the potential efficacy and importance of TCM
applications in the treatment of T2DM, no studies have
systematically summarized the research hotspots and
fundamental mechanisms underlying this procedure.
Randomized controlled trials (RCTs) are the gold standard for
evaluating therapeutic effects, and increasingly well-designed
RCTs have been conducted worldwide to evaluate the efficacy
of TCM-based therapies (21–24). This study intends to
systematically review the literature on RCTs for the treatment
of T2DM based on TCM and analyze the frequency of medical/
academic words utilized in these RCTs by extracting them using
text mining with natural language process (NLP) tools.

Natural language processing (NLP) is a field of artificial
intelligence that utilizes computers to analyze, understand, and
interpret human language. It has received increasing attention
in medical research in recent years. For a large variety of
unstructured texts such as diagnostic tests, surgical records,
test reports, medical orders, progress note, and nursing
records, NLP has become an important method and tool for
mining clinically useful information in medical texts. For
example, some researchers used deep learning Word2vec
and TF-IDF to extract text features before, applying association
rule algorithm and complex network analysis methods to analyze
the compatibility between pairs of drugs and correlations
of drugs with symptoms (25–29). In addition, NLP tools
have been applied in the field of TCM in recent years. For
example, Wei et al. extracted Chinese herbal medicines
with high frequencies through data mining of prescriptions in
classic TCM literature (30). They applied NLP to extract
diagnostic information obtained from tongue images of
patients to generate prescriptions by a convolutional neural
network (31).

At present, the NLP applications in the field of TCM
primarily focus on the unstructured data of medical records,
including TCM syndrome, tongue image, pulse condition,
prescription drug rule (32–34), whereas there are few
researchers who have applied NLP for extracting information
in TCM research articles. In TCM research, manual extraction of
a large amount of information is still applied to transform
unstructured data into structured data, a time-consuming and
laborious process, and mistakes can easily be made. In this study,
with text mining using NLP tools, the current research status of
the focused medical academic words and inter-relationship
among them can be discovered, providing novel knowledge
and in-depth guidelines for future research on TCM-based
treatments for T2DM.
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METHODS

Data Collection
Research articles for the treatment of T2DM in TCM published
from 1990 to 2020 were retrieved from the three major Chinese
literature databases (Wan Fang, VIP, and CNKI). The following
queries were used to search for articles by title, summary, or
keywords: (“type 2 diabetic mellitus” or “type 2 diabetes” or
“T2DM” or “type II diabetic mellitus” or “ DM II “or “type II
diabetes”) and (“Chinese medicine” or “TCM” or “Chinese
herbal medicine” or “traditional medicine” or “alternative
medicine” or “complementary medicine” or “herbal” or
“prescription” or “recipe” or “formula” or “Chinese patent
medicine” or “Chinese traditional patent medicine” or “han
prescription” or “TCMWM” or “acupuncture” or “needle” or
“moxibustion” or “ points” or “syndromes” or “syndrome” or
“syndrome elements” or “integrated traditional Chinese and
western medicine” or “integrated Chinese and western
medicine” or “integrated traditional and western medicine” or
“TCMWM” or “TCM-WM” or “integrated TCM WM”).

Inclusion Criteria
For simplicity and objectivity, only RCTs of T2DM research in
TCM were selected to establish the corpus of medical academic
words and future analysis in this study.

Exclusion Criteria
Articles were excluded if they focused on (1) Type 1 diabetes; (2)
only Western medicine treatment; (3) diagnosis; (4) policy; (5)
detection; (6) nursing therapy; (7) risk prediction; (8) massage;
(9) extraction process of botanical ingredients; (10) patient
compliance. Finally, 3,654 published full-text RCTs were
selected for the subsequent text mining. The selection process
of this study is depicted in Figure 1.

Corpus Establishment
Based on the chosen RCTs, we established a corpus of medical
academic words with Python 3.7. First, the PDF documents were
recognized using the optical character recognition (OCR) technology;
Frontiers in Endocrinology | www.frontiersin.org
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then, the focused medical academic words were extracted by
segmenting words, removing stop words, and applying a custom
dictionary (specific details are shown in Figure 2). Furthermore, a
total of 41 valid fields were extracted by our automated extraction
system, including patient age, group, prescription, herbal medicine,
dosage, blind method. The primary rule-based information
extraction used in this work is regular expression—a string of texts
that allows users to create patterns to match, locate, and manage
text—with extracted fields determined by clinical experts of TCM
(specific results are shown in Supplementary 1, and Supplementary
Figures 1, 2). To illustrate the extraction procedure, we took
the extraction of TCM prescriptions of T2DM as an example
and constructed a binary matrix in which columns are herbal
materials, rows represent prescriptions, and each cell has a value of
either 0 or 1 (shown in Table 1).

Data Analysis
Frequency Statistics
We used Python 3.7 for word frequency analysis for each word list
categorized as subjective symptoms, TCM syndrome types, TCM
prescriptions and herbal medicine, and acupuncture points.

Topic Modeling
We used Python 3.7 to conduct topic modeling. The latent
Dirichlet allocation (LDA) algorithm was applied for topic
modeling (Figure 3) to allocate topics to the focused RCTs
and words of each RCT to topics based on the Dirichlet
distribution. This study used feature weight (TF – IDF = TF ×
IDF) to evaluate the importance of a word to a text as important
evidence for classifying text on the same topic. The TF represents
the frequency of a word ti appearing in the text dj, expressed by
the formula:

TFi,j =
ni;j

oknk,j
FIGURE 1 | Flowchart for the selection of RCTs.
FIGURE 2 | Schematic diagram of stuttering word segmentation. Stuttering
word segmentation technology roadmap, from word segmentation, removing
stop words, loading custom dictionaries, keyword extraction, part-of-speech
tagging to drawing keyword word cloud maps.
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The IDF refers to the reverse file frequency, and the calculation
formula is:

idfi = log
Dj j

j : ti ∈ dj
� ��� ��

where |D| is the total number of files in the corpus, |{j: ti ∈ dj}|
indicates the number of files containing the word ti. As
indicated by the formula of the feature weight, the more
frequently a word appears in one document and the less
frequently it appears in another document, the higher the
weight and TF − IDF would be.

Association Rule Extraction
SPSS Modeler 14.1 was applied to extract association rules for the
high-frequency words (i.e., greater than 2%) in subjective
symptoms, TCM syndrome types, Chinese herbal medicines,
acupuncture points, and TCM prescriptions in each focused
RCT. An a priori algorithm was applied; the minimum support
was set at 10%, minimum confidence at 80%, and the lift at >1.

Cluster Analysis
In order to cluster the focused RCTs into groups with
similar characteristics, SPSS 22.0 was employed to conduct
cluster analysis for the occurrence of high-frequency
words (i.e., greater than 2%) in subjective symptoms, TCM
syndrome types, Chinese herbal medicines, acupuncture
points, and TCM prescriptions in each of the focused RCTs.
In this study, a hierarchical clustering algorithm with
between-groups linkage was applied based on correlation-
based distance.
Frontiers in Endocrinology | www.frontiersin.org 4170
RESULTS

The Distribution of Subjective Symptoms
First, we analyzed the distribution of subjective symptoms based on
the frequency of the occurrence, applying an arbitrary cutoff
threshold of 2% (Figure 4). Among them, obesity was the most
frequent symptom, followed by polyphagia, polydipsia, polyuria,
tiredness and fatigue, thirst and polyphagia, dysphoria in chest,
palms, and soles, and soreness and weakness of the waist and knees.
From the close observation of frequencies of various symptoms, we
found that the nature of the lesion had been focused on deficiencies
in multiple energy metabolism systems, and the lesion sites were
concentrated in the “spleen” and “kidney.”

The Distribution of Syndromes
The frequency-based distribution of TCM syndromes is shown
in Figure 5. Syndromes with the occurrence of higher than 2%
were dampness stagnancy and spleen deficiency, Yin and Yang
deficiency, Yin deficiency, liver-Qi stagnation, liver and kidney
Yin deficiency, spleen and kidney Yang deficiency, kidney Yin
deficiency, stagnation of liver Qi and spleen deficiency, stomach
heat flaming syndrome, spleen deficiency syndrome, and spleen
and kidney deficiency syndrome. The pathogenic factors mainly
were related to “dampness, heat”, which obstructed the
movement of Qi and blood, leading to “fat”.

The Distribution of Prescriptions and
Herbal Medicine
This research contains 323 prescriptions and 273 herbal
materials. The frequency of TCM prescribed medicines for
TABLE 1 | An example of a database constructed from literature.

Astragalus Rehammania Yam Puerarin Coptidis rhizoma

Prescription1 1 0 1 0 0
Prescription2 1 1 0 1 0
Prescription3 0 0 1 0 1
Prescription4 0 0 1 0 1
Prescription5 1 1 0 0 1
Prescription6 0 0 1 0 0
…

Prescription323 1 0 0 1 0
December 2021 | Volume 1
FIGURE 3 | Graphic model for Latent Dirichlet allocation. K, total number of topics; bk, topic, a distribution over the vocabulary; D, total number of documents; qd,
per-document topic proportions; N, total number of words in a document (in fact, it should be N), Z d, n, per-word topic assignment; Wd, n, observed word; a, ?,
Dirichlet parameters.
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treating diabetic symptoms is shown in Figure 6. Medicines
prescribed in more than 2% of all literature were (in descending
order) Pill of ingredients with Rehmannia, Xiaoke Pills,
Yiqiyangyinhuoxue Decoction, Jinlida Granules, Yiqihuoxue
Decoction, Berberine, and Shenqi Jiangtang Granules. As before,
the prescription medicines were mainly composed of Chinese
herbal drugs that could invigorate the spleen, replenish Qi, and
nourish Yin.

Most prescriptions (formulas and recipes) comprise several
herbal ingredients. The frequency distribution of Chinese herbal
medicines based on their application popularity in T2DM
treatment is shown in Table 2. Astragalus membranaceus
(Huang Qi) remains the most frequently used medicinal herb
in TCM practice, followed by Rehmannia (Di Huang), Chinese
yam, Puerariae (Ge Gen), Coptis rhizome (Huang Lian), Radix
Ophiopogonis (Mai Men Dong), Salvia miltiorrhiza (red sage or
Dan Shen), Poria cocos (Fi Ling), Radix Trichosanthis (Tian Hua
Fen), and Anemarrhena (Zhi Mu).

The Distribution of Acupuncture Points
Commonly used acupuncture points in TCM for T2DM
treatments are shown in Figure 7 in descending order based
on their frequency of application in clinical practice, as Zusanli
(ST36), Sanyinjiao (SP36), Zhongwan (RN12), Pishu (BL20),
Guanyuan (RN4), Tianshu (ST25), Fenglong (ST40), Shenshu
(BL23), Qihai (RN6), Quchi (LI11), Taixi (KI3), Yinlingquan
(SP9), and Guangming (GB37). The above acupuncture points
are primarily distributed on the Stomach Meridian of Foot-
Yangming, Spleen Meridian of Foot-Taiyin, Kidney Meridian of
Foot-Shaoyin, and Bladder Meridian of Foot-Taiyang. The
principle treatment is directed towards replenishing Qi,
invigorating the spleen, nourishing Yin, and clearing up the heat.
FIGURE 5 | Distribution of TCM Syndromes of Diabetes. The frequency of
TCM syndromes in the diabetes literature. The abscissa represents the name
of the syndrome; the ordinate shows the frequency of each name. The total
number of TCM syndromes was 4,801, among which more than 2% are as
follows: Syndrome of dampness stagnancy and spleen deficiency: 875
(18.2%); Yin and Yang deficiency syndrome: 502 (10.4%); Yin deficiency
syndrome: 424 (8.8%); Liver-qi stagnation syndrome: 371 (7.7%); Liver and
kidney Yin deficiency syndrome: 322 (6.7%); Spleen and kidney Yang
deficiency: 239 (4.9%); Kidney Yin deficiency: 193 (4.0%); Stagnation of liver
qi and spleen deficiency syndrome: 185 (3.8%); Stomach heat flaming
syndrome: 170 (3.5%); Spleen deficiency syndrome: 163 (3.3%); Spleen and
Kidney Deficiency Syndrome: 106 (2.2%). From the distribution of syndromes,
it can be seen that the “spleen deficiency and dampness syndrome” appears
most frequently, which may be related to diabetes the patient’s “polydipsia,
polyphagia” is related, the spleen deficiency, and the movement and
transformation are unfavorable, which leads to the body dampness, evil, and
blood stasis group.
FIGURE 4 | Frequency Distribution of Diabetes Symptoms. The frequency of
TCM subjective symptoms in the diabetes literature. The abscissa represents
the name of the subjective symptoms, and the ordinate shows the frequency
of each symptom. The total number of subjective symptoms of TCM was
27,448, of which more than 2% are as follows: Obesity: 9,573 (34.8%);
Polyphagia: 1,847 (6.7%); Polydipsia: 1,264 (4.6%); Polyuria: 1,160 (4.2%);
Tiredness and fatigue: 1,160 (4.2%); Thirst and polyphagia: 1,010 (3.6%);
Dysphoria in chest, palms, and soles: 621 (2.2%); Soreness and weakness of
waist and knees: 579 (2.1%). The most frequent occurrence is “Obesity”, a
common symptom of “spleen deficiency and dampness”.
FIGURE 6 | Distribution of TCM Prescribed Medicines for Diabetes. The
frequency of TCM prescriptions in the diabetes literature. The abscissa
represents the name of the TCM prescription; the ordinate shows the
frequency of each prescription name. The total number of TCM prescriptions
was 24,748, of which more than 2% are as follows: Pill of ingredients with
Rehmannia: 1,420 (5.7%); Xiaoke Pills: 1,370 (5.5%); Deficiency of yiqin and
blood unsmooth: 1,298 (5.2%); Jinlida Granules: 1,233 (4.9%); Qiqihuoxue
Decoction: 983 (3.9%); Berberine: 779 (3.1%); Shenqi Jiangtang Granules:
529 (2.1%). The most frequently used ones are “pill of ingredients with
Rehmannia”. The efficacy of the prescription is consistent with the above
symptoms and syndromes.
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Text Topic Extraction
In this study, all included documents were divided into four
topic-based categories, and each topic extraction selects the top
10 medical academic keywords with the highest frequency.
The results of topic-keywords extraction are shown in
Supplementary Figures 3, 4 and Table 1. We determine the
number of topic categories by calculating Perplexity and MPI-
score, as shown in our results. When the topic number K was set
to 4, there was no intersection between each topic, indicating
that 3,654 published RCTs in the literature could be divided
into four exclusive topics. Topic 1 was diabetes complicated with
cardiovascular and renal dysfunctions, such as urinary protein,
glomerulus, proteinuria, diabetic nephropathy, tripterygium
wilfordii, urea nitrogen, and chronic nephritis, indicating that
these studies were mainly focused on diabetic nephropathy.
Topic 2 included non-drug therapy as the theme. In Topic 3,
we found diabetic complications related to aging. Moreover, in
Topic 4, we observed that obesity and hypertension were the
leading symptoms of T2DM.
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Association Rule Analysis
The correlation between diagnosis and treatment information
was mined based on the a priori algorithm (PMID: 25926855).
The minimum support was 10%, the minimum confidence was
80%, and the maximum preceding item was 2. In this study, we
used association rule analysis (ARA) to explore the information
on the diagnosis and treatment of T2DM. The most common
combinations were syndrome of excessive dampness and spleen
deficiency with Astragalus membranaceus; obesity and ST36; pill
of ingredients with Rehmannia extract and Yin deficiency;
obesity with syndromes of excessive dampness and spleen
deficiency. Tables 3, 4, respectively, list the association rules of
combining two kinds of diagnosis and three kinds of diagnosis.

Cluster Analysis
The clustering of information in more than 2% of the literature
in this study formed four clusters. Cluster-1 mainly treated the
manifestations of spleen-kidney Yang deficiency syndrome, such
as low spirit due to Qi deficiency, polyuria, BL23, and GB37;
Cluster-2 primarily focused on the stagnation of liver Qi and
spleen deficiency syndrome; Cluster-3 mainly addressed the liver
and kidney Yin deficiency, such as dysphoria in the chest, palms,
and soles, thirst and drink, soreness and weakness of waist and
knees, thirsty and drinking, pill of ingredients with Rehmannia
extract; and Cluster-4 included spleen deficiency and treatment
with Astragalus membranaceus. The results are shown
in Figure 8.
DISCUSSION

Subjective Symptoms and Syndrome
Differentiation for T2DM in TCM
This study found that “obesity” was the most common symptom
for T2DM closely related to “spleen deficiency dampness
syndrome,” which is consistent with T2DM pathology in TCM.
According to TCM theory, the lack of spleen Qi might lead to
malfunctioning transport, affecting nutrient transport and water
metabolism and leading to obesity. Also, obesity symptoms were
related to dampness-heat stasis, and swift digestion resulted from
gastric heat.
TABLE 2 | Table of classification and frequency of commonly used Chinese medicines for treating diabetes.

ID Names Classification Frequency Percentage

1 Astragalus Tonifying and replenishing medicinal 400 5.43%
2 Rehammania Heat-clearing medicinal 310 4.21%
3 Yam Tonifying and replenishing 298 4.05%
4 Pueraria Exterior-releasing medicinal 269 3.65%
5 Coptis Heat-clearing medicinal 260 3.53%
6 Ophiopogon Tonifying and replenishing medicinal 250 3.39%
7 Salvia Blood-activating and stasis-dispelling Medicinal 240 3.26%
8 Poria Dampness-draining diuretic medicinal 232 3.15%
9 Radix Trichosanthis Heat-clearing medicinal 224 3.04%
10 Anemarrhenae Heat-clearing medicinal 222 3.01%
Dec
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Astragalus (400, 5.43%), Rehmannia (310, 4.21%), Chinese yam (298, 4.05%), Puerariae (269, 3.65%), Coptis rhizome (260, 3.53%), Radix Ophiopogonis (250, 3.39%), Salvia miltiorrhiza
(240, 3.26%), Poria cocos (232, 3.15%), Radix Trichosanthis (224, 3.04%), and Anemarrhena (222, 3.01%).
FIGURE 7 | TCM Acupuncture Points Names for Diabetes. The frequency of
occurrence of acupuncture points in the diabetes literature. The abscissa
represents the name of acupuncture points. The total number of acupuncture
points was 12,458, of which more than 2% are the following: ST36: 973
(7.8%), SP36: 744 (5.9%), RN12: 567 (4.5%), BL20: 529 (4.2%), RN4: 522
(4.1%), ST25: 500 (4.0%), ST40: 487 (3.9%), BL23: 482 (3.8%), RN6: 347
(2.7%), LI11: 294 (2.3%), KI3: 293 (2.3%), SP9: 281 (2.2%), GB37: 259
(2.0%). The ordinate shows the frequency of appearance of each acupoint
name; ST36 and SP36 are located on the Stomach Meridian of Foot-
Yangming and Spleen Meridian of Foot-Taiyin. The abovementioned conforms
to the TCM treatment principle.
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Our results indicate that the primary phenotypic
manifestation of T2DM patients was not categorized
exclusively based on the typical “polydipsia, polyphagia,
polyuria, and weight loss” symptoms. Interestingly, in addition
to obesity, we found the following symptoms in the selected
RCTs: (1) tiredness, weakness, shortness of breath, and low spirit
due to Qi deficiency; (2) thirst, dry throat, dry mouth, and
dysphoria with feverish sensation in chest, palms, and soles
resulting from kidney Yin deficiency; (3) numbness and stasis
of the limbs caused by Qi deficiency and blood stasis.

According to The Guidelines for the Diagnosis and
Treatment of Common Diseases in Internal Medicine of TCM
(35) and International Guidelines for the Diagnosis and
Treatment of Diabetes in TCM (36), the syndrome
differentiation and treatment of T2DM are created according
to the deficiency of Yin and Jing (i.e., Qi in concentrated form,
which belongs to Yin), and excessive dryness-heat. In addition,
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there are other categories of TCM syndrome differentiation for
T2DM. For example, Internal Medicine of Traditional Chinese
Medicine (2nd edition) classifies different syndromes of thirst
elimination as “Shang Xiao,” “Zhong Xiao,” and “Xia Xiao.”
“Shang Xiao” refers to lung thermo in injury syndrome; “Zhong
Xiao” indicates common stomach heat burning syndrome and
Qi Yin deficiency syndrome; while “Xia Xiao” is divided into the
deficiency syndrome of kidney Yin and the deficiency syndrome
of Yin and Yang (37). Furthermore, in Guiding Principles for
Clinical Research of Chinese Medicine New Drugs (Trial) (38)
and relevant discussion of TCM diagnostics in various versions
of TCM internal medicine textbooks (39–41), TCM syndromes
of diabetes can be divided wholly into four syndromes: lung heat
and fluid injury syndrome, stomach heat and excessive heat
syndrome, deficiency of Qi and Yin syndrome, and deficiency of
Yin and Yang syndrome. Thus, the pathogenesis of diabetes
involves deficiency syndromes and excess syndromes, and
TABLE 3 | Association rules of two-diagnosis and treatment information.

Consequent Antecedent Support (%) Confidence (%) Lift (%)

Syndrome of dampness stagnancy and spleen deficiency Astragalus membranaceus 85.91 96.09 1.03
Spleen deficiency syndrome Astragalus membranaceus 85.90 90.62 1.02
Qiqihuoxue decoction Astragalus membranaceus 85.90 90.62 1.16
Obesity ST36 34.22 100 1.73
Spleen deficiency syndrome ST36 34.22 92.15 1.04
Stomach heat flaming syndrome Pill of ingredients with rehmannia 28.92 88.37 1.10
Radix Ophiopogonis Pill of ingredients with rehmannia 28.86 97.67 1.25
Yin deficiency syndrome Pill of ingredients with rehmannia 28.86 93.02 1.27
Chinese yam Pill of ingredients with rehmannia 28.86 100 1.40
Obesity Pill of ingredients with rehmannia 28.85 86.04 1.49
Poria cocos Pill of ingredients with rehmannia 28.86 100 3.23
Spleen deficiency syndrome Syndrome of dampness stagnancy and spleen deficiency 93.28 90.64 1.02
Obesity Syndrome of dampness stagnancy and spleen deficiency 93.28 82.73 1.03
D
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The results showed that the most common combinations were: syndrome of dampness stagnancy and spleen deficiency with Astragalus membranaceus, obesity and ST36, Pill of
ingredients with rehmannia and Yin deficiency, Obesity and syndrome of dampness stagnancy and spleen deficiency.
TABLE 4 | Association rules of three-diagnosis and treatment information.

Consequent Antecedent Support
(%)

Confidence
(%)

Lift
(%)

Syndrome of dampness stagnancy and spleen
deficiency

K13 and Astragalus membranaceus 40.939 93.442 1.001

Spleen deficiency syndrome Astragalus membranaceus and Chinese yam 60.402 88.888 1.003
Syndrome of dampness stagnancy and spleen
deficiency

Puerariae and Astragalus membranaceus 44.966 94.029 1.007

Obesity ST36 and Astragalus membranaceus 26.845 100 1.732
Obesity ST36 and syndrome of dampness stagnancy and spleen deficiency 30.872 100 1.733
Syndrome of dampness stagnancy and spleen
deficiency

ST36 and Chinese yam 31.543 93.617 1.003

Astragalus membranaceus Syndrome of dampness stagnancy and spleen deficiency 93.288 88.489 1.030
Astragalus membranaceus Spleen deficiency syndrome and syndrome of dampness stagnancy and spleen

deficiency
84.563 89.682 1.043

Astragalus membranaceus Puerariae and syndrome of dampness stagnancy and spleen deficiency 44.295 95.454 1.111
Astragalus membranaceus Radix Ophiopogonis and syndrome of dampness stagnancy and spleen

deficiency
44.966 95.522 1.112

Astragalus membranaceus BL20 and syndrome of dampness stagnancy and spleen deficiency 17.449 100 1.164
Astragalus membranaceus Spleen and kidney Yang deficiency and syndrome of dampness stagnancy and

spleen deficiency
17.449 100 1.164

Astragalus membranaceus Low spirit and syndrome of dampness stagnancy and spleen deficiency 22.818 100 1.164
7
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deficiency syndromes are mainly manifested in the form of Qi,
Yin, and Yang deficiencies.

Like the expansion of symptom corpus, we also expanded the
corpus for TCM syndromes of T2DM, which might help TCM
practitioners give greater attention to additional subjective
symptoms of T2DM patients and interpret their causes from
more perspectives. In this study, the top 10 syndromes of TM2D
included (1) syndrome of dampness stagnancy and spleen
deficiency; (2) Yin and Yang deficiency syndrome; (3) Yin
deficiency syndrome; (4) liver Qi stagnation syndrome;
(5) liver and kidney Yin deficiency syndrome; (6) spleen and
kidney Yang deficiency; (7) kidney Yin deficiency; (8) stagnation
of liver Qi and spleen deficiency syndrome; (9) stomach heat
flaming syndrome; and (10) spleen deficiency syndrome.
According to the results, the TCM syndrome types of diabetes
are complex and dynamic, increasing the difficulty in
interpreting them for TCM clinicians. To help clinicians better
understand these syndromes, we proposed the following
summary: (1) the course of T2DM is considered to be a
mixture and alternation of deficiency and excess; (2) the
disease lesions are mainly spleen, liver, and kidney; (3) the
disease elements are dampness, stasis, and heat. So the primary
treatment is for tonifying, nourishing Yin, clearing heat, and
relieving stasis.
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Prescriptions, Herbal Medicines, and
Acupoint Treatment Patterns
T2DM symptoms are mainly manifested as deficiency syndrome,
and its fundamental causes are Yin deficiency and excessive heat,
according to the TCM theory. TCM physicians believe that
diabetes pathogenesis is due to the loss of body fluid due to
excessive body heat, and patients need treatment to nourish Yin
and reduce heat. For example, pills of ingredients with Rehmannia
extract, which contains Radix Rehmanniae Praeparata, is the
appropriate choice to nourish Yin and kidney, help produce
saliva and quench thirst, clear heat, moisten the lung, and
improve both liver and kidney functions (42).

Astragalus was the most frequently prescribed natural drug
in our analysis. It has the effect of replenishing Qi and raising
Yang and can generate blood, promote body fluid circulation,
cure spleen deficiency, and eliminate thirst. Also, Astragalus
and Danshen can be applied together to replenish Qi, enhancing
the effect of Danshen to promote blood circulation, strengthen
the spleen, and reduce dampness and blood stasis. More
importantly, modern studies have shown that Astragalus
polysaccharide can effectively reduce blood glucose levels,
improve insulin sensitivity, inhibit the apoptosis of pancreatic
b cells, and play a key role in treating diabetes complications
(43). Yam can nourish the Qi of the spleen, lung, and
kidney and nourish the Yin of these organs. Therefore, it
serves as an essential medicine for the treatment of T2DM
(44). Atractylodes and Poria can invigorate the spleen and
reduce dampness, and they are often used to treat T2DM of
damp-heat accumulating spleen syndrome (45). Ophiopogon
japonicus can nourish the lung and stomach Yin; when
prescribed together with dogwood, it can nourish liver and
kidney Yin (46).

In addition to these drugs prescribed for replenishing Qi and
invigorating Jin (i.e., liquid in the body), the second most
prescribed type for T2DM was antipyretic and dehumidifying
drugs, whose mechanism has been well studied. Internal fever is
believed to be an important patho-mechanism of spleen
impairment, and primary attention should be given to
eliminating body heat (47). Among antipyretic drugs, Coptis is
the most frequently used medicine. Since ancient times, Rhizoma
Coptis has been an important anti-thirst drug (48), also known
as the “hypoglycemic holy drug.” Modern pharmacological
studies have also shown that Rhizoma Coptis can regulate
glucose and lipid metabolism, improve insulin resistance, and
protect islet b cells (49). Also, Pueraria can clear heat, promote
fluid circulation, and quench thirst (50).

Acupuncture and moxibustion—the essential external
treatments in TCM—can regulate Qi, blood, Yin, and Yang of
the human body by activating acupoints related to respective
diseases. Studies have shown that acupuncture at ST36 can
improve insulin sensitivity and the morphology of pancreatic b
cells (51). Likewise, activation of ST40 can improve stomach
function. T2DM-associated obesity and hyperlipidemia, related
to spleen dysfunction, prevent nutrients from transporting to the
whole body, leading to phlegm and dampness accumulation in
the waist and abdomen. The ancient TCM book Song Yu Long
FIGURE 8 | A tree graph using an average join (between groups). Category
1 mainly treated the manifestations of spleen-kidney Yang deficiency
syndrome, such as low spirit due to Qi deficiency, polyuria, BL23 and GB37;
Category 2 was mainly Stagnation of liver qi and spleen deficiency syndrome;
Category 3 was mainly liver and kidney Yin deficiency, such as dysphoria in
chest, palms, and soles, thirst and drink, soreness and weakness of waist
and knees, thirsty and drinking, Pill of ingredients with Rehmannia; Category 4
was mainly spleen deficiency, treatment with Astragalus membranaceus.
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has suggested that acupuncture at ST40 can help remove
phlegm (52).

Moreover, rodent studies have shown that acupuncture at
ST40 can prevent rats from obesity and help them improve fat
metabolism and insulin resistance (53). The acupuncture points
BL20 and BL23 are located on the bladder meridian. Studies have
shown that acupuncture at Back-shu acupoint can form a direct
neural pathway through spinal ganglia to adjust the functions of
internal organs (54). The spleen and stomach belong to “Zhong
xiao,” interacting with each other, where their chief function is to
transport nutrients and water to different parts of the body. The
liver and kidney belong to “Xia xiao,” whose main function is to
channelize gas and regulate mood. It also helps the spleen and
stomach transport nutrients, and it improves the normal
metabolism of sugar and fat. Animal experiments have shown
that acupuncture at RN12 can increase the expression levels
of corticotropin-releasing hormone (CRH) and c-fos protein in
the hypothalamus as well as the levels of peripheral insulin
and b-endorphin, and it plays a key role in regulating
blood sugar (55). RN4 is the small intestine Mu-front acupoint
at Ren meridian and Foot-three Yin meridian intersection
point, related to vital energy. SP36 is the acupoint at foot three
Yin meridian intersection points. Chronic T2DM is usually
related to deficiency of both Qi and Yin, along with dryness-
heat, which is usually treated by activation of RN4 and
SP36 acupoints to improve Qi and Yin for liver, spleen, and
kidney jointly.

Text Topic Extraction Analysis
The LDA extracted the text medical academic words by
calculating the TF − IDF value between keywords. When we
set K to be 4, we get four separate themes with no intersection.

As shown in our results, diabetes complications are one of the
most popular research themes. The T2DM is initially manifested
as microalbuminuria and albuminuria and then gradually
develops to nephrotic syndrome, and even may lead to renal
failure, presenting a progressive aggravation (56). When diabetes
induces edema and abnormal urination, diabetic nephropathy
(DN) initiates symptoms related to the TCM concept of kidney
Qi deficiency. Other studies have shown that spleen and kidney
deficiency is the key to T2DM, leading to spleen damage and
proteinuria (57). Several studies on TCM therapies have shown
that patients’ blood glucose indexes can be gradually controlled
under comprehensive conditions. At the same time, their blood
lipid and insulin resistance will be improved accordingly (58),
potentially beneficial to the recovery of patients’ islet
cells’ function.

Evaluation of the Treatment Effects for
RCT Articles
Since the efficacy information in the RCT literature is described
in various forms, lacking standardization, further breakthroughs
are needed to extract them from RCT articles as other core
information systematically. Therefore, a random sample of
200 RCTs was selected from the 3,654 chosen RCTs to
evaluate their treatment effects to illustrate the overall
treatment effects. We found that 94.5% of these articles in the
Frontiers in Endocrinology | www.frontiersin.org 9175
intervention group had an effective rate greater than 70%. Thus,
in these research articles, the effective rate in the intervention
group was significantly higher than that in the control group,
with p values less than 0.05, indicating that the diagnosis and
treatment information extracted in this study has effective
implications for clinical practitioners.
CONCLUSION

In this study, NLP technology and data mining methodologies
were used to sort out the subject symptoms, classification of
TCM syndromes, and treatment methods for T2DM based
on unstructured data of RCTs, to make innovative attempts
in technical methods and provide a basis for future clinical
data research and methodological research. Unlike the
theoretical knowledge of syndrome types and treatment
methods for T2DM in TCM textbooks or guidelines, we have
illustrated the most recent research findings for clinical
practitioners. Therefore, syndrome differentiation should
be considered comprehensively and flexibly to provide the
basis for the diagnosis and treatment for clinicians, rather
than only following the theoretical knowledge of textbooks.
Furthermore, we have expanded the corpus of common
symptoms and syndromes for T2DM, providing researchers
and doctors focusing on TCM treatment of T2DM with
additional perspectives.

As suggested in this study, the main treatment theories for
T2DM in TCM are to invigorate the kidney and promote blood
circulation, invigorate Qi, and dissipate blood stasis, which is
achieved by taking TCM medicine or external treatments (e.g.,
acupuncture and moxibustion). Different from these TCM
treatment methods for T2DM, modern therapies mainly
concentrate on proper diet, routine exercise (59), precise
medication (60–63), adjustment of lifestyle (64), and other
relevant methods (65, 66). Our research findings could also
provide insights for researchers and practitioners of Western
medicine in the field of T2DM.

Different from another study that analyzed the prescription
rules of TCM in the treatment of T2DM based on data mining
(67), we found a high frequency of stagnation of liver Qi
syndrome, and we showed that a pill of ingredients with
Rehmannia mainly was used to treat liver dysfunction.
Therefore, in clinical treatment, we should pay attention to
nourishing Yin and invigorating Jin, nourishing Qi to
invigorate the spleen, soothing the liver, relieving depression,
clearing away heat, and removing dampness.

In the future, the relationship among symptoms, syndrome,
drugs, and efficacy based on the unstructured information
extracted in this study can be further explored by using the
machine learning algorithm. However, since this study can only
be used as a macro-scale study on the distribution of T2DM
diagnosis and treatment information, it is necessary to increase
the size of the sample of research articles and fine-tune the
analytical methods to obtain a more precise pattern for T2DM
diagnosis and treatment in TCM.
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Diagnosis of Diabetic Kidney Disease
Haiyang Li†, Yunzhu Shen†, Zhikai Yu, Yinghui Huang, Ting He, Tangli Xiao, Yan Li ,
Jiachuan Xiong* and Jinghong Zhao*

Department of Nephrology, The Key Laboratory for the Prevention and Treatment of Chronic Kidney Disease of Chongqing,
Chongqing Clinical Research Center of Kidney and Urology Diseases, Xinqiao Hospital, Army Medical University (Third
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Aims: To investigate the potential role of renal arterial resistance index (RI) in the differential
diagnosis between diabetic kidney disease (DKD) and non-diabetic kidney disease
(NDKD) and establish a better-quantified differential diagnostic model.

Materials and Methods: We consecutively reviewed 469 type 2 diabetes patients who
underwent renal biopsy in our center. According to the renal biopsy results, eligible patients
were classified into the DKD group and the NDKD group. The diagnostic significance of RI
was evaluated by receiver operating characteristic (ROC) curve analysis. Logistic regression
analysis was used to search for independent risk factors associated with DKD. Then a novel
diagnostic model was established using multivariate logistic regression analysis.

Results: A total of 332 DKD and 137 NDKD patients were enrolled for analysis. RI was
significantly higher in the DKD group compared with those in the NDKD group (0.70 vs.
0.63, p< 0.001). The optimum cutoff value of RI for predicting DKD was 0.66 with
sensitivity (69.2%) and specificity (80.9%). Diabetic retinopathy, diabetes duration ≥ 60
months, HbA1c ≥ 7.0(%), RI ≥ 0.66, and body mass index showed statistical significance
in the multivariate logistic regression analysis. Then, we constructed a new diagnostic
model based on these results. And the validation tests indicated that the new model had
good sensitivity (81.5%) and specificity (78.6%).

Conclusions: RI has a potential role in discriminating DKD from NDKD. The RI-based
predicting model can be helpful for differential diagnosis of DKD and NDKD.

Keywords: diabetic kidney disease, non-diabetic kidney disease, resistance index, differential diagnosis, type 2
diabetes mellitus
INTRODUCTION

Diabetes mellitus (DM) is a global public health challenge affecting over 463 million adults,
according to the report of the International Diabetes Federation in 2019 (1). In China, it is estimated
that approximately 11.2% of the population has DM (129.8 million people) (2). Type 2 diabetes
mellitus (T2DM) combined with renal impairment is correlated with increased cardiovascular
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mortality and all-cause mortality (3). Diabetic kidney disease
(DKD) is now one of the most frequent and severe complications
of diabetes and continues to be the principal cause of end-stage
kidney disease (ESKD) worldwide (4, 5). However, non-diabetic
kidney disease (NDKD) occurs in T2DM patients as well (6). The
prevalence of NDKD in T2DM varied widely from 36.8% to
82.9% (7–12). The therapy and prognosis of NDKD are pretty
different from DKD (13, 14). It is believed that the renal
outcomes of patients with DKD are relatively worse compared
with their counterparts with biopsy-proven NDKD because the
pathological changes of DKD are deemed difficult to reverse (15,
16). Therefore, it is critical to distinguish between DKD and
NDKD in diabetes with renal impairment in clinical practice.

Currently, the renal pathological diagnosis is the gold standard
to discriminate DKD from NDKD. However, the kidney biopsy is
an invasive procedure that is impracticable in patients with
contraindications, such as pyknotic kidney, bleeding tendency,
solitary kidney, uncontrolled hypertension, or severe anemia.
Moreover, a renal biopsy could not be routinely performed in
some primary hospitals. Thus, the diagnosis and appropriate
treatment were usually based on clinical indicators, such as
diabetes duration, hematuria, diabetic retinopathy (DR), glycated
hemoglobin (HbA1c), and other indices (17–22). However, those
markers are not entirely accurate. For instance, lack of DR
contributes to the diagnosis of NDKD but does not rule out
DKD (23). In recent years, some studies have used some new
markers and diagnostic models for the clinical differentiation
between DKD and NDKD, such as dysmorphic erythrocytes and
urinary neutrophil gelatinase-associated lipocalin (22, 24).
However, these markers or risk model is not perfect and is still
not good enough to meet clinical requirements. Therefore, it is
necessary to find a new precise and sensitive non-invasive marker
for clinical differentiation of DKD from NDKD.

The Renal atrial resistance index (RI), measured by doppler
ultrasound, is a low-cost and non-invasive tool in detecting
kidney diseases; it has been extensively used to evaluate renal
blood flow as a semi-quantitative parameter. Previous studies
suggested that RI is correlated with severe interstitial fibrosis and
the progression of chronic kidney disease (CKD) (25–27). In
addition, a few studies have noticed that RI in patients with DKD
is significantly higher when compared with non-diabetic
controls, which might be helpful for the identification and
prediction of DKD (28, 29). However, the potential role of RI
in the clinical differentiation of DKD from NDKD and the
optimal cutoff value remains unclear. Thus, the present study
was conducted to investigate the potential role of RI in the
differential diagnosis between DKD and NDKD and establish a
better-quantified differential diagnostic model.
MATERIALS AND METHODS

Study Subjects
A total of 469 T2DM patients with renal impairment from the
department of nephrology at Xinqiao Hospital, Army Medical
University, from January 2014 to September 2020 were
Frontiers in Endocrinology | www.frontiersin.org 2179
retrospectively analyzed (Figure 1). All patients had received
echo-color-Doppler examination of renal vessels, systematic
screening for diabetic retinopathy, and renal biopsy. The
diagnosis of T2DM met the criteria proposed by American
Diabetes Association in 2019 (30). Eligible patients were divided
into the DKD group and the NDKD group based on the kidney
biopsy results. The inclusion criteria were: T2DM patients with
renal impairment and received kidney biopsy; serum creatinine <
442 mmol/L. The exclusion criteria were: age above 75 years or
below 18 years; lack of a fundus clinical information data and
pathological data or clear medical history; severe complications,
such as severe infection, heart failure, and hypertensive emergency;
biopsy-proven DKD complicated by NDKD. All patients signed
informed consent before kidney biopsy. The study was approved by
the ethical committee of Xinqiao Hospital, and was in accordance
with the principles of the Declaration of Helsinki.

Renal Biopsy and Pathological
Examination
The kidney biopsies were performed by an experienced renal
pathologist, and every kidney biopsy tissue was investigated by
electron microscopy, light microscopy, and immunofluorescence.
The kidney biopsy indications were in accordance with the
KDOQI Guideline (31). The pathological diagnostic criteria for
DKD was: diffuse mesangial proliferation, diffuse capillary
glomerulosclerosis, presence of Kimmelstiel–Wilson nodular
lesions, glomerular basement membrane thickening, hyaline
exudative lesions (32). NDKD usually has some unique features
based on the guidelines previously reported (12).

Clinical and Laboratory Information
The following data were collected at the time of kidney biopsy:
age, sex, body mass index (BMI), systolic blood pressure,
diastolic blood pressure, presence of hypertension and DR,
medical history of DM, fasting blood glucose, HbA1c,
hemoglobin, platelet, serum albumin, total cholesterol,
triglyceride, serum creatinine, uric acid, blood urea nitrogen,
24-hour urine protein, hematuria, and RI value. Blood pressure
was measured three times according to a standard protocol, and
the average value was calculated. DR was confirmed by fundus
photography. Ultrasonography was performed by a Philips IU22
Cart G Ultrasound System with C5-1(Made in United
Kingdom). The estimated glomerular filtration rate (eGFR) was
obtained using the chronic kidney disease epidemiology
collaboration (CKD-EPI) equation (33).

Statistical Analysis
Continuous variables were shown as average ± standard deviation
or the median and interquartile depending on the data distribution,
whereas enumeration data were described as percentages (%). The t-
test was applied for normally distributed data, and the Mann-
Whitney U test was applied for non-normally distributed data. The
chi-squared test was applied for enumeration data. Receiver
operating characteristic (ROC) curve analysis was used to explore
the optimal cutoff point of the RI to predict DKD. Univariate and
multivariate logistic regression analyses (stepwise forward) were
performed to search the independent risk factors relating to the
January 2022 | Volume 12 | Article 731187
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DKD diagnosis, with results shown as the odds ratio (OR) and 95%
confidence interval (CI). The final significant risk factors were
included in two differential diagnostic models (with or without
RI). The equation is as follows: PDKD = exp (a + b1x1+ b2x2+ b3x3+
…+bnxn)/[1 + exp(a + b1x1+ b2x2+ b3x3+…+ bnxn)]. PDKD is the
probability of DKDdiagnosis,a is a constant, b is the estimator, and x is
the clinical predictor. If PDKD≥ 0.5, the patient should be considered as
DKD, while the diagnosis should beNDKD if PDKD< 0.5. TheDelong
test and the calculation of the net reclassification improvement
and the integrated discrimination improvement were performed
by R language to analyze two models. Then, a better model was
selected. Finally, a back-substitution and a validation test (by a
validation cohort of 96 cases) were conducted to evaluate the new
model. Correlations between RI and clinical indices were analyzed
by the Pearson test. Statistical analyses were performed by SPSS
(IBM SPSS Statistics 23.0) and R language. P < 0.05 was considered
statistically significant. The number of patients required for the
validation cohort is computed using software PASS 15.0.5.
RESULTS

The Clinical Characteristics and Renal
Pathological Features of the
Included Patients
A total of 469 patients were divided into two groups based on
kidney biopsy results, with 332 patients in the DKD group and 137
patients in the NDKD group. The general clinical information of the
Frontiers in Endocrinology | www.frontiersin.org 3180
two groups was shown in Table 1. Compared with the NDKD
group, patients in the DKD group had longer diabetes duration,
higher incidence of DR, and higher levels of systolic blood pressure,
fasting blood glucose, HbA1c, serum creatine, blood urea nitrogen
and RI value, while lower levels of BMI, hemoglobin, triglyceride
and eGFR. But no significant difference was noticed between the
two groups regarding age, gender, diastolic blood pressure, platelets,
serum albumin, total cholesterol, uric acid, urinary protein, or
presence of hematuria, nephrotic syndrome, hypertension,
cardiovascular disease. Moreover, renal pathological findings
showed that membranous nephropathy (38 cases, 27.74%) and
IgA nephropathy (38 cases, 27.74%) were the most common
pathological type among the 137 NDKD patients, followed by
mesangial proliferative glomerulonephritis (19 cases, 13.87%),
hypertensive nephrosclerosis (16, 11.68%), and other types
(Supplementary Table 1). The main pathological manifestations
of the DKD group were advanced lesions, with 71.08% of the total
were classified as class III (Supplementary Table 2).

Differential Diagnosis Performance of RI in
Diabetic Patients With Renal Impairment
To explore the clinical value of RI in DKD and NDKD, we
compared the RI value in the two groups. Results showed patients
in the DKD group had a significantly higher RI value compared
with those in the NDKD group (0.70 vs. 0.63, p<0.001, Table 1).
Then, we performed a ROC curve to determine the cutoff point of
RI for predicting DKD. The area under the curve (AUC) of RI was
0.785. The best cutoff point of RI was 0.66, with 69.2% sensitivity
FIGURE 1 | Flowchart showing the procedure for the selection of study participants. T2DM, type 2 diabetes mellitus; DKD, diabetic kidney disease; NDKD, non-
diabetic kidney disease.
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and 80.9% specificity, as calculated by obtaining the best Youden
index (Figure 2). Then, we assigned a value of 1 to RI ≥ 0.66 and
converted it into a binary variable. Considering the value of RI in the
differential diagnosis of two groups, the correlation analysis between
RI and other clinical information was performed. There were 256
(54.6%) patients with RI ≥ 0.66 and 213 (45.4%) patients with RI <
0.66, respectively. Compared with patients with RI < 0.66, patients
with RI ≥ 0.66 had higher age, systolic blood pressure, duration of
diabetes, serum creatinine, blood urea nitrogen, the proportion of
hypertension, diabetic retinopathy, and nephrotic syndrome, while
a lower level of BMI, serum albumin, hemoglobin, TG, and eGFR
(Table 2). Further analyses was performed by linear regression, RI
levels were positively correlated with age (r=0.245; p<0.001),
duration of diabetes (r=0.341; p<0.001), systolic blood pressure
(r=0.274; p<0.001); serum creatinine (r =0. 335; p<0.001); blood
urea nitrogen (r=0.037; p<0.001) and total urinary protein, g/24 h
(r=0.141; p=0.003), whereas it was inversely correlated with BMI (r=
−0.143; p=0.002), hemoglobin (r=−0.424; p<0.001), triglyceride (r=
−0.145; p=0.002), and serum albumin (r=−0.163; p<0.001) in
diabetic patients with renal impairment (Supplementary Table 3).

Screening for DKD Diagnosis-Related
Factors
Previous studies found that the duration of diabetes ≤ 60 months
was an independent risk factor for NDKD (11). Many researches
indicated that intensive blood glucose control (HbA1c 6.5–7.0%)
Frontiers in Endocrinology | www.frontiersin.org 4181
could reduce the risk of DKD. HbA1c <7.0 was considered as a
common indicator of clinical blood glucose control (34).
Therefore, we assigned a value of 1 to the duration of diabetes ≥
60 months and HbA1c ≥ 7% respectively. Then those indicators
were converted into binary variables. Univariate regression
analysis indicated that duration of diabetes ≥ 60 months, BMI,
systolic blood pressure, DR, fasting blood glucose, HbA1c ≥ 7%,
hemoglobin, triglyceride, serum creatinine, blood urea nitrogen,
and RI ≥ 0.66 were related to the diagnosis of DKD. After
adjusting for the factors mentioned above using multivariate
logistic regression analysis, RI ≥ 0.66 was still an independent
risk factor for the DKD diagnosis, as well as the duration of
diabetes ≥ 60 months, BMI, DR, and HbA1c ≥ 7% (Table 3).

Establishment and Validation of the New
Differential Diagnostic Model
Then, we used two multivariate logistic regression analyses to
establish two differential diagnostic models (with or without RI
value) to explore the RI value for the clinical differentiation
between DKD and NDKD (Table 4). The traditional model was
built by four independent risk factors other than RI, and the RI-
based model was built by five independent risk factors, including
RI≥ 0.66. The detailed equation of the two models is shown in
Supplementary Table 4. The area under ROC curve of the
traditional model was 0.889. After adding RI, the area under
the ROC curve of the RI-based model increased to 0.912
TABLE 1 | The general clinical characteristics of the included patients.

Parameter All cases NDKD DKD P value
(n = 469) (n = 137) (n = 332)

Age, (years) 51.53 ± 10.26 52.04 ± 11.05 51.32 ± 9.93 0.489
Gender, (male, %) 299 (63.75) 82 (59.85) 217 (65.36) 0.259
BMI, (kg/m2) 25.24 ± 3.48 26.51 ± 4.01 24.80 ± 3.42 <0.001
SBP, (mm Hg) 142.73 ± 22.62 136.62 ± 21.42 145.26 ± 22.69 <0.001
DBP, (mm Hg) 84.43 ± 12.16 84.32 ± 12.58 84.47 ± 12.00 0.905
Duration of diabetes, (months) 76.03 ± 62.41 28.10 ± 30.59 94.66 ± 61.71 <0.001
Duration of diabetes ≥ 60 months (%) 240 (51.17) 23 (16.79) 217 (65.35) <0.001
HbA1c 7.82 ± 2.14 7.32 ± 1.90 8.01 ± 2.19 0.004
HbA1c ≥ 7, (%) 216 (46.06) 45 (32.85) 171 (51.51) <0.001
FBG, (mmol/L) 7.34 ± 3.33 6.76 ± 2.92 7.58 ± 3.46 0.015
Hemoglobin, (g/L) 117.51 ± 24.93 127.02 ± 22.02 113.59 ± 25.03 <0.001
PLT, (10^9/L) 205.76 ± 79.36 206.44 ± 80.91 205.48 ± 78.84 0.906
Serum albumin, (g/L) 35.05 ± 9.43 34.20 ± 10.81 35.40 ± 8.79 0.215
TC, (mmol/L) 5.47 ± 1.98 5.65 ± 2.45 5.40 ± 1.76 0.217
TG, (mmol/L) 2.21 ± 1.86 2.57 ± 2.19 2.07 ± 1.69 0.008
Uric acid, (mmol/L) 378.59 ± 96.49 372.42 ± 108.05 381.04 ± 91.57 0.388
Scr, (mmol/L) 127.32 ± 76.47 102.41 ± 60.89 137.52 ± 79.87 <0.001
BUN, (mmol/L) 7.86 ± 3.67 6.89 ± 3.39 8.26 ± 3.71 <0.001
eGFR, (ml/min/1.73m2) 68.08 ± 35.44 82.67 ± 34.37 61.32 ± 34.23 <0.001
Urinary protein, (g/24 h) 3.41 ± 3.71 3.49 ± 4.39 3.38 ± 3.41 0.778
Hematuria (%) 320 (68.23) 96 (70.07) 224 (67.47) 0.372
RI 0.68 ± 0.07 0.63 ± 0.05 0.70 ± 0.07 <0.001
Clinical comorbidities
Nephrotic syndrome (%) 109 (23.24) 32 (23.36) 77 (23.19) 0.969
Hypertension (%) 325 (69.29) 90 (65.69) 235 (70.78) 0.282
Cardiovascular disease (%) 180 (38.38) 52 (37.96) 128 (38.55) 0.799
DR (%) 227 (48.40) 12 (8.76) 215 (64.76) <0.001
Janu
ary 2022 | Volume 12 | Article
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; FBG fasting blood glucose; PLT, platelet; TC total cholesterol; TG
triglyceride; Scr serum creatine; BUN blood urea nitrogen; RI, resistance index; DR, diabetic retinopathy. Data were presented as the mean ± standard, the median with range or counts
and percentages. A two-tailed P < 0.05 was considered statistically significant.
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(Figure 3A). The statistical significance of two ROC AUC by
DeLong’s test (Z = 2.5964, P value = 0.00942), the net
reclassification improvement (NRI = 0.1837, P value =
0.00278), and the integrated discrimination improvement (IDI =
0.0572, P value = 0.00013) implied that the RI-based model has
improved the efficiency of differential diagnosis. The sample size
Frontiers in Endocrinology | www.frontiersin.org 5182
of the validation cohort was computed by software PASS based
on the AUC of the traditional model (AUC=0.912). The results
showed that a random sample of 51 subjects from the positive
population and 40 from the negative population produced a two-
sided 95.0% confidence interval with a width of 0.120. Then, we
recruited another 96 patients (from October 2020 to May 2021)
FIGURE 2 | Differential diagnosis performance of RI in type 2 diabetic patients with renal impairment evaluated by ROC curve. RI, resistance index; AUC, the area
under ROC curve; CI, confidence interval; ROC, receiver operating characteristic.
TABLE 2 | Comparison of clinical findings in T2DM with renal impairment according to renal resistance index.

Parameters R I< 0.66 (n = 213) RI ≥ 0.66 (n = 256) P value

Age, (years) 49.20 ± 10.47 53.37 ± 9.64 <0.001
Gender, (male, %) 132(61.97) 166 (64.84) 0.526
BMI, (kg/m2) 25.67 ± 3.64 24.87 ± 3.31 0.013
SBP, (mm Hg) 136.73 ± 20.47 147.62 ± 23.17 <0.001
DBP, (mm Hg) 84.92 ± 11.53 83.96± 12.69 0.398
Duration of diabetes, (months) 51.46 ± 55.12 95.69 ± 61.01 <0.001
Duration of diabetes ≥ 60, months (%) 70 (32.86) 169(66.01) <0.001
HbA1c, (%) 7.70 ± 1.88 7.94 ± 2.33 0.284
HbA1c ≥ 7, (%) 97(45.54) 118 (46.09) 0.832
FBG, (mmol/L) 7.17 ± 3.08 7.48 ± 3.54 0.313
Hemoglobin, (g/L) 126.00 ± 23.53 110.60 ± 23.95 <0.001
PLT, (10^9/L) 211.45± 82.92 200.98 ± 76.00 0.157
Serum albumin, (g/L) 36.13 ± 10.45 34.26 ± 8.37 0.034
TG, (mmol/L) 2.44 ± 1.97 2.03 ± 1.75 0.018
TC, (mmol/L) 5.47 ± 2.24 5.48 ± 1.75 0.920`
Scr, (mmol/L) 106.47± 60.54 144.76 ± 83.96 <0.001
eGFR, (ml/min/1.73m2) 79.03 ± 35.72 59.22 ± 32.71 <0.001
BUN, (mmol/L) 7.01 ± 3.21 8.56 ± 3.90 <0.001
Uric acid, (mmol/L) 375.98 ± 103.04 381.33 ± 91.05 0.555
Urinary protein, (g/24 h) 3.03 ± 3.96 3.73 ± 3.47 0.054
Hematuria (%) 134 (62.91) 184 (71.88) 0.056
Cardiovascular disease (%) 78 (36.61) 101 (39.45) 0.479
Hypertension (%) 121 (56.81) 191 (74.61) 0.003
DR (%) 63 (29.58) 163 (63.67) <0.001
Nephrotic syndrome (%) 40 (18.78) 69 (26.95) 0.037
January 2022 | Volume 12 | Article
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated hemoglobin; FBG fasting blood glucose; PLT, platelet; TG triglyceride; TC total
cholesterol; Scr serum creatine; BUN blood urea nitrogen; DR, diabetic retinopathy. Data were presented as the mean ± standard, the median with range or counts and percentages. A
two-tailed p < .0.05 was considered statistically significant.
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that met the same inclusion criteria to validate the RI-based
model ’s efficacy further. The Validation cohort test
demonstrated that the RI-based model had a sensitivity of
81.5% and a specificity of 78.6% (Table 5). The ROC curve
(AUC=0.857) based on the validation cohort indicated that the
RI-based model had good diagnostic efficiency (Figure 3B).
DISCUSSION

For T2DM patients with renal impairment, it is of great
significance to differentiate between DKD and NDKD to guide
clinical diagnosis and treatment. Kidney biopsy is the ultimate
method of differential diagnosis, but its clinical application is
restricted by many contraindications (35, 36). Therefore, it is
necessary to find a new precise and sensitive non-invasive
indicator for clinical differentiation of DKD from NDKD. The
present study found that the RI value, which reflects vascular
disease (37), was remarkably higher in the DKD group in
contrast to the NDKD group. Furthermore, the RI-based
differential model has good sensitivity and specificity.

Doppler ultrasound as a non-invasive, low-cost method has been
extensively used in the detection of reno-vascular diseases. RI is
calculated by the ratio of the difference between peak systolic
velocity (PSV) and end-diastolic velocity (EDV) divided by peak
systolic velocity (PSV), obtained by the Doppler spectrum analysis
from segmental or interlobar arteries. PSVmainly reflects the degree
Frontiers in Endocrinology | www.frontiersin.org 6183
of renal vascular filling and blood supply, while the EDV reflects
renal blood perfusion, and RI mainly reflects vascular bed resistance
(38). There is no uniform standard for RI average value. The normal
mean renal RI value reported in previous literature are listed in
Supplementary Table 5. Generally, a value of 0.60 is considered a
normal value for renal RI (39, 40). Current studies have found that
RI can effectively assess the renal blood perfusion status, whether for
renal damage caused by hypertension and diabetes (41–43) or for
risk prediction and disease assessment of early acute renal injury
induced by various diseases (44–47). In patients with CKD, RI ≥
0.70 is an independent risk factor for the progression of renal failure
(25, 48). And RI ≥ 0.80 was associated with a lower survival rate
(49). Moreover, studies have also confirmed that the RI is higher in
the newly diagnosed and untreated DKD patients than healthy
controls (28, 29, 50), even before the onset of microalbuminuria,
supporting the dynamic evaluation of renal RI as an early detector
of renal vascular alterations in the presence of T2DM (51). A
previous study has also demonstrated a higher value of RI in DKD
compared with diabetic patients without kidney disease (52).
Different from previous studies, our study focused on comparing
the RI level between the DKD group and the NDKD group. We
found a significantly higher RI value in the DKD group. RI ≥ 0.66
was proved to be an independent risk factor for the diagnoses of
DKD in T2DM patients with renal impairment, which could
improve the efficiency of differential diagnosis in identifying cases
with a higher clinical suspicion for DKD. It is worth noting that the
RI value is affected by age, race, region and many other factors so
TABLE 4 | Development of two differential diagnostic mode.

Parameters The RI-Based Model The Traditional Model

OR (95%CI) B SE P value OR (95%CI) b SE P value

Dm (0/1) 5.320 (2.653,10.66) 1.671 0.35 0.000 6.984 (3.617,13.483) 1.944 0.336 0.0000
BMI 0.904 (0.819,0.998) -0.101 0.050 0.046 0.887 (0.809,0.973) -0.120 0.047 0.011
DR (0/1) 14.921 (6.445,34.546) 2.703 0.428 0.000 15.790 (7.077,35.227) 2.759 0.409 0.000
Gh (0/1) 2.214 (1.151,4.258) 0.795 0.334 0.017 1.799 (0.978,3.311) 0.587 0.311 0.009
RI (0/1) 5.239 (2.618,10.483) 1.656 0.000 0.000
Constant 2.655 0.976 1.318 0.459 8.137 2.096 1.204 0.082
Janua
ry 2022 | Volum
e 12 | Article
OR, odds ratio; SE, standard error; Dm, diabetes duration ≥ 60 months (1 yes, 0 no); BMI, body mass index; DR, diabetic retinopathy (1 yes, 0 no); Gh, HbA1c ≥ 7.0% (1 yes, 0 no); RI,
Resistance index ≥ 0.66 (1 yes, 0 no).
TABLE 3 | Predictors of DKD in T2DM with renal impairment.

Parameters Univariate Multivariate

OR (95%CI) P value OR (95%CI) P value

Duration of diabetes ≥ 60 months (yes/no) 9.34 (5.61,15.56) 0.000 5.29 (2.63,10.59) <0.001
BMI, (kg/m2) 0.89 (0.84,0.94) 0.000 0.90 (0.82,1.00) 0.045
SBP, (mmHg) 1.02 (1.01,1.03) 0.001
DR (yes/no) 19.14 (10.16,36.07) 0.000 14.80 (6.40,34.26) <0.001
HbA1c ≥ 7% (yes/no) 2.20 (1.40,3.45) 0.001 2.19 (1.14,4.21) 0.019
FBG, (mmol/L) 1.09 (1.02,1.17) 0.016
Hemoglobin, (g/L) 0.98 (0.97,0.99) 0.000
TG, (mmol/L) 0.87 (0.78,0.97) 0.014
Scr, (mmol/L 1.01 (1.01,1.01) 0.000
BUN, (mmol/L) 1.13 (1.06,1.21) 0.000
RI ≥ 0.66 (yes/no) 9.50 (5.84,15.46) 0.000 5.19 (2.59,10.38) <0.001
BMI, body mass index; SBP, systolic blood pressure; DR, Diabetic retinopathy; HbA1c, glycosylated hemoglobin; FBG, fasting blood glucose; TG, triglyceride; Scr, serum creatine; BUN,
blood urea nitrogen; RI, resistance index; CI, confidence interval.
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that the best cutoff value may be different in different studies. The
cutoff value of RI in this study was derived from a small group of
people in this specific region. A more appropriate cutoff value of RI
needs further clinical research with a larger sample size in the future.

Glomerular hemodynamic changes (includinghyperfiltration and
hypoperfusion) are key pathological processes in the development of
DKD, which could explain why RI value as an indicator of renal
hemodynamics has a potential value in the differential diagnosis of
DKD (53). The cause of glomerular hyperfiltration is currently
believed to be caused by an increase in the trans-glomerular
pressure gradient. The high glucose leads to the glycation of the
basement of small blood vessels, particularly the efferent arteriole,
making it thicken and stiffer and increasing the pressure within the
glomerulus. Simultaneously, the afferent arteriole dilates, lettingmore
bloodflow into the glomeruli and increasing thepressure even further
(54). With the deterioration of DKD, renal perfusion pressure and
glomerular filtration rate continue to rise, resulting in glomerular
capillary wall thickening, permeability enhancement, vascular lumen
stenosis, glomerular capillary pressure increases. Those changes
eventually lead to increased blood flow forward resistance and other
renal artery hemodynamic disorders. Ultrasound showed that PSV
Frontiers in Endocrinology | www.frontiersin.org 7184
and EDVdecreased, especially EDVdecreased and RI increased (53).
Then, glomerular capillary basement membrane (GBM) thickening
and mesangial matrix increased gradually, leading to
glomerulosclerosis (55). Patients with NDKD often have less
vascular involvement, such as membranous nephropathy mainly
characterized by podocyte changes, and IgA nephropathy is
primarily characterized by mesangial proliferation (56, 57).
Although both DKD and NDKD patients suffered from renal
hemodynamics changes, more significant vascular lesions and a
higher RI value were detected in DKD patients.

Our research also found that DR and diabetic duration are
powerful predictors of DKD, which is consistent with previous
studies (11, 18). Generally, the diabetes duration in DKD patients is
longer than that in NDKD patients. Diabetes history ≥ 5 years is an
independent risk factor for DKD (58). In the present study, the
diabetes duration is defined as the time from the diagnosis of
diabetes to the time of renal biopsy. The diagnosis is usually delayed
in patients with T2DM. It is hard to clarify their actual course of
diabetes before diagnosis, so DKD cannot be ignored due to a short
history of diabetes. Similarly, DR is related to DKD (59). CKD
patients with DR are conducive to the diagnosis of DKD, in which
TABLE 5 | Predictive value of the Back-substitution and Validation cohort test.

Back-Substitution Test Validation Cohort Test

DKD NDKD Total DKD NDKD Total

Diagnosed as DKD 300 45 345 44 9 53
Diagnosed as NDKD 32 92 124 10 33 43
Total 332 137 469 54 42 96
Sensitivity 90.4% 81.5%
Specificity 67.2% 78.6%
Positive predictive value 87.0% 83.0%
Negative predictive value 74.2% 76.7%
Total consistency 83.6% 80.2%
January 202
2 | Volume 12 | Article 7
DKD, diabetic kidney disease; NDKD, non-diabetic kidney disease.
A B

FIGURE 3 | Validation of the new differential diagnostic model. (A) Comparison of the area under the curve (AUC) of the RI-based model and the traditional model.
DeLong’s test was applied by R language to compare the AUC of two models (with or without RI). Z = 2.5964, P value = 0.00942. (B) Receiver operating
characteristics (ROC) curve for the discriminative effect of the RI-based model in the Validation cohort. AUC, the area under the curve =0.857.
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proliferative retinopathy has higher specificity. DR often
accompanies kidney damage in T1DM, but the incidence of DR
in T2DM is only 40%-60%. DR cannot completely distinguish DKD
from NDKD because some diabetic patients without DR also have
biopsy-proven DKD. Therefore, we choose to combine previous
classic predictive indicators and RI that reflect vascular disease to
construct a diagnostic model, significantly improving diagnostic
efficiency. In addition, RI obtained by ultrasound examinations can
be easily performed in most medical institutions, making our model
more practical and economical in clinical practice. Therefore, we
propose to incorporate the RI measure in the examination of DM
combined with renal impairment. Interestingly, our study found for
the first time that lower BMI was an independent risk factor for
DKD. BMI was significantly lower in the DKD group than the
NDKD group, which may be due to a longer duration of diabetes in
the DKD group. However, compared with other independent risk
factors, the OR value of BMI was only 0.9. Further studies are
needed to power it as an independent risk factor for DKD.

There are several limitations in the present research. First of all,
this research was a retrospective study performed in a single center
with limited data. Secondly, all validation cohort patients came from
the department of nephrology of Xinqiao Hospital, lacking external
validation. Thirdly, we only measure RI value at the time of kidney
biopsy, not continuous testing; certain errors are unavoidable.

In conclusion, the RI value might serve as a novel potential
indicator in the differential diagnosis of DKD. The RI-based
differential diagnostic model has improved the accuracy and
could be commonly used in clinical practice.
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Gómez A, et al. Risk Factors for non-Diabetic Renal Disease in Diabetic
Patients. Clin Kidney J (2020) 13(3):380–8. doi: 10.1093/ckj/sfz177

16. Chang TI, Park JT, Kim JK, Kim SJ, Oh HJ, Yoo DE, et al. Renal Outcomes in
Patients With Type 2 Diabetes With or Without Coexisting non-Diabetic
Renal Disease. Diabetes Res Clin Pract (2011) 92(2):198–204. doi: 10.1016/
j.diabres.2011.01.017

17. Xu J, Hu XF, Huang W, Shen PY, Zhang W, Ren H, et al. [The
Clinicopathological Characteristics of Diabetic Nephropathy and Non-
Diabetic Renal Diseases in Diabetic Patients]. Zhonghua Nei Ke Za Zhi
(2017) 56(12):924–9. doi: 10.3760/cma.j.issn.0578-1426.2017.12.007

18. Zhou J, Chen X, Xie Y, Li J, Yamanaka N, Tong X. A Differential Diagnostic
Model of Diabetic Nephropathy and Non-Diabetic Renal Diseases. Nephrol
Dial Transplant (2007) 23(6):1940–5. doi: 10.1093/ndt/gfm897

19. Liu MY, Chen XM, Sun XF, Zhou JH, Zhang XG, Zhu HY, et al. Validation of
a Differential Diagnostic Model of Diabetic Nephropathy and Non-Diabetic
Renal Diseases and the Establishment of a New Diagnostic Model. J Diabetes
(2014) 6(6):519–26. doi: 10.1111/1753-0407.12150

20. Liang S, Zhang XG, Cai GY, Zhu HY, Zhou JH, Wu J, et al. Identifying
Parameters to Distinguish Non-Diabetic Renal Diseases From Diabetic
Nephropathy in Patients With Type 2 Diabetes Mellitus: A Meta-Analysis.
PloS One (2013) 8(5):e64184. doi: 10.1371/journal.pone.0064184

21. Mak S, Gwi E, Chan K, Wong P, Lo K, Lee K, et al. Clinical Predictors of Non-
Diabetic Renal Disease in Patients With non-Insulin Dependent Diabetes
Mellitus. Nephrol Dialysis Transplant (1997) 12(12):2588–91. doi: 10.1093/
ndt/12.12.2588

22. Duan S, Chen J,Wu L, Nie G, Sun L, Zhang C, et al. Assessment of Urinary NGAL
for Differential Diagnosis and Progression of Diabetic Kidney Disease. J Diabetes
Complications (2020) 34(10):107665. doi: 10.1016/j.jdiacomp.2020.107665

23. Prakash J, Gupta T, Prakash S, Bhushan P, Usha, Sivasankar M, et al. Non-
Diabetic Renal Disease in Type 2 Diabetes Mellitus: Study of Renal - Retinal
Relationship. Indian J Nephrol (2015) 25(4):222–8. doi: 10.4103/0971-
4065.144420

24. Dong ZY, Wang YD, Qiu Q, Hou K, Zhang L, Wu J, et al. Dysmorphic
Erythrocytes Are Superior to Hematuria for Indicating Non-Diabetic Renal
Disease in Type 2 Diabetics. J Diabetes Investig (2016) 7(1):115–20.
doi: 10.1111/jdi.12371

25. Sugiura T, Wada A. Resistive Index Predicts Renal Prognosis in Chronic
Kidney Disease: Results of a 4-Year Follow-Up. Clin Exp Nephrol (2011) 15
(1):114–20. doi: 10.1007/s10157-010-0371-3

26. Sugiura T, Wada A. Resistive Index Predicts Renal Prognosis in Chronic Kidney
Disease.Nephrol Dialysis Transplant (2009) 24(9):2780–5. doi: 10.1093/ndt/gfp121
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Background/Objectives: Renaming non-alcoholic fatty liver disease (NAFLD) to
metabolic dysfunction-associated fatty liver disease (MAFLD) suggests a shift of
emphasis to the accompanying metabolic disturbance. Controlled attenuation
parameter (CAP) measured by FibroScan has been shown to be correlated with
hepatic steatosis. We aim to validate its usefulness as a novel surrogate marker for
evaluating metabolic derangement.

Subjects/Methods: Volunteers were recruited from medical staff at our hospital to
undergo CAP measurements. Anthropometrics, CAP, and laboratory assessments for
metabolic profiles and insulin resistance were collected. CAP < 238 dB/m denoted no
hepatic steatosis, 238 ≤ CAP ≤ 259 dB/m denoted mild, 260 ≤ CAP ≤ 291 dB/m
denoted moderate, and CAP > 291 dB/m denoted severe hepatic steatosis according
to previous reports.

Results: Data of 824 participants were included for analysis. The age was 53.2 ± 15.4
years, body mass index (BMI) was 23.6 ± 3.1 kg/m2, 24.4% were male subjects, and
22.0% met the criteria for metabolic syndrome (MetS). Taking the group with CAP < 238
dB/m as control, subjects with mild, moderate, and severe hepatic steatosis had
increased odds of MetS by 3.51-, 3.32-, and 5.12-fold, respectively, after adjusting for
multiple confounders (p = 0.020). Metabolic profiles, insulin resistance, and presence of
MetS were similar between normal-weight subjects with CAP ≥ 238 dB/m and overweight
subjects with CAP < 238 dB/m. Even in subjects with no MetS components, those with
CAP ≥ 238 dB/m had higher BMI, waist circumferences, uric acid, triglyceride, white blood
cell count, and insulin resistance, whereas lower adiponectin and estimated glomerular
filtration rate. Waist circumference [OR 1.11 (1.04, 1.18), p = 0.001] and homeostatic
model assessment of insulin resistance (HOMA-IR) [OR 2.39 (1.18, 4.83), p = 0.016] were
predictive of hepatic steatosis according to CAP ≥ 238 dB/m.
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Conclusions: CAP is a convenient, sensitive, and non-invasive indicator for metabolic
derangement. Prospective studies are needed to further validate its usefulness as a
surrogate marker for the transition of metabolic status over time.
Keywords: non-alcoholic fatty liver disease (NAFLD), controlled attenuation parameter (CAP), metabolic syndrome
(MetS), diabetes mellitus, insulin resistance, FibroScan
INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) affects nearly one
billion people worldwide and is expected to be the leading cause
of end-stage liver disease in the coming decades (1). Increasing
evidence has indicated a link between NAFLD and metabolic
dysfunction and subsequent cardiovascular and renal
complications. Due to accumulated understanding of the
pathogenesis and prevalence of NAFLD and its comorbidities,
including obesity and diabetes mellitus, the nomenclature and
diagnostic criteria have recently been revised by a panel of
international experts from 22 countries (2). Metabolic
dysfunction-associated fatty liver disease (MAFLD) has been
proposed to replace NAFLD. Rather than an “exclusion criteria”,
“positive criteria” have been adopted to diagnose MAFLD, which
are based on evidence of hepatic steatosis by imaging techniques,
blood biomarkers, or liver histology, in addition to one of the
following 3 criteria: 1) overweight/obesity, 2) type 2 diabetes
mellitus, or 3) two of the seven cardiometabolic risk factors,
which largely represent the criteria for metabolic syndrome
(MetS) (3). The prevalence of MAFLD is expected to be more
prominent because a less rigorous criterion is employed, where
alcohol consumption and other concomitant liver diseases are no
longer exclusion conditions, and more sensitive and inexpensive
imaging techniques have come into clinical practice. The goal of
the revised nomenclature is to draw public attention to the
prevention and intervention of treatable metabolic dysfunction.
Since specific pharmacotherapy for fatty liver disease is lacking,
detection of metabolic derangement at an earlier stage to justify
immediate intervention through lifestyle change should be both
efficient and economical.

FibroScan is a non-invasive medical device originally designed
to perform liver stiffness measurement (LSM) by vibration-
controlled transient elastography (VCTE). Since 2010, controlled
attenuation parameter (CAP), which is a measurement of the
ultrasound attenuation coefficient, can also be measured with
FibroScan devices concomitantly to LSM and has been shown to
be correlatedwithhepatic steatosis.When taking liver biopsy as the
reference, an area under the receiver operating characteristic curve
(AUROC) of CAP was equal to 0.79–0.91 and 0.77–0.95 for
detection of more than 5%–10% and 33% of hepatic steatosis,
respectively (4–6), the performance of which is superior to that of
routine ultrasonography (4, 7). Recent studies have shown a close
relationship between CAP and MetS components (8–10).
However, current guidance still resists routine screening for
NAFLD even in high-risk subjects attending primary care,
diabetes, or obesity clinics due to uncertainties related to long-
term benefits and cost-effectiveness (11). Thus, further evidence is
n.org 2189
needed to justify the early screening for fatty liver disease out of
consideration fordetectingmetabolic derangement, rather than for
liver lesion sequelae alone, such as steatohepatitis, hepatic
cirrhosis, or liver cancer.

In this study, a total of 922 medical staff from our hospital
were recruited to investigate the association between CAP and
MetS components. We aim to validate the usefulness of CAP as a
surrogate marker for evaluating metabolic derangement in
subjects with fewer risks, or even with no MetS components.
SUBJECTS/MATERIALS AND METHODS

Subjects
The medical staff in our hospital who volunteered for the
NAFLD study using FibroScan (502 Touch, Echosens, France)
were recruited at the time of the annual physical checkup
between January and March 2018. Information about the study
participants was collected including previous medical history,
drinking, and smoking status. Those with chronic liver diseases,
including viral hepatitis B or C, autoimmune liver disease, recent
infections, prolonged use of steroids, or estrogens were excluded.
Individuals with daily alcohol consumption >20 g (for males) or
>10 g (for females) were not included. Subjects with alanine
transaminase (ALT) or aspartate transaminase (AST) higher
than 5 times or plasma creatinine level higher than 2 times the
upper normal limit were also excluded from the analysis. The
study was conducted in accordance with the Declaration of
Helsinki and was approved by the ethics committee of the First
Affiliated Hospital of Sun Yat-sen University [Ethics Committee
Review (2016) No. 146]. Informed consent was obtained from
each participant.

Procedures
All subjects received clinical and laboratory assessments on the
same day when the FibroScan examination was done.
Anthropometric data including body weight and height, blood
pressure, circumferences of the neck, waist, and hip were
collected. Neck circumference was measured in the midway of
the neck, between the mid-cervical spine and mid-anterior neck.
Waist circumference was measured at the midpoint between the
lower margin of the last palpable rib and the top of the ileal crest.
Hip circumference measurement was taken around the widest
portion of the buttock.

After a 10-h overnight fast, blood samples were drawn for
laboratory testing, including fasting plasma glucose, lipid
profiles, liver and renal function, uric acid, serum insulin,
adiponectin, and whole blood cell counts. The estimated
January 2022 | Volume 12 | Article 739875
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glomerular filtration rate (eGFR) was estimated using a
modification of diet in renal disease (MDRD) equation for the
evaluation of renal function. Indices for insulin resistance
assessment included homeostatic model assessment of insulin
resistance (HOMA-IR), the product of fasting triglycerides and
glucose (TyG), and metabolic score for insulin resistance
(METS-IR). HOMA-IR was estimated by the formula as
fasting insulin (U/ml) × fasting glucose (mmol/L)/22.5. TyG
was calculated as Ln [fasting triglycerides (mmol/L) × 88.6 ×
fasting glucose (mmol/L) × 18]/2 (12). METS-IR was defined as
Ln [2 × fasting glucose (mmol/L) × 18 + fasting triglycerides
(mmol/L) × 88.6) × BMI]/Ln [fasting HDL-c (mmol/L) ×
38.66] (13).

All FibroScan examinations were performed by the same
trained operator following the manufacturer’s instruction. CAP
and LSM were assessed with the tip of the M probe placed on the
skin between the ribs over the right lobe of the liver through the
intercostal space. CAP was calculated only when LSMwas valid to
ensure an accurate attenuation value of the liver, and an attempt
was made to collect ≥10 valid LSMs. The ratio of the interquartile
range (IQR) to the median of the liver stiffness (IQR/Median,
LSM) ≤30% was considered a reliable measurement. In our
preliminary study, ROC curve analysis was performed to
determine the cutoff value of CAP for diagnosing MetS.
According to the maximum Youden’s index, CAP ≥ 245 dB/m
was used as a cutoff point in our group, with 79.6% sensitivity and
61.6% specificity. The AUROC was 0.706 (0.665, 0.747), which
indicated a moderate efficiency. In contrast, when using CAP ≥
238 dB/m, which was used as the cutoff point for hepatic steatosis
previously, the sensitivity was 82.3%, the specificity was 55.7%,
and the AUROC was 0.690 (0.649, 0.731). The diagnostic power
of both was similar, while the latter had slightly higher sensitivity
in diagnosing MetS in our group (Supplementary Figure 1).
Thus, hepatic steatosis grade was decided by the cutoff values of
CAP according to previous reports, where CAP < 238 dB/m
denoted no steatosis (S0), 238 ≤ CAP ≤ 259 dB/m denoted mild
(S1), 260 ≤ CAP ≤ 291 dB/m denoted moderate (S2), and CAP >
291 dB/m denoted severe steatosis (S3) (4, 10). The hepatic
fibrosis cutoff value was LSM ≥ 7.0 kPa for significant fibrosis
(10, 14) (Supplementary Figure 2).

According to the guideline developed by the Chinese Diabetes
Society in 2017, MetS was diagnosed in subjects with more than
any 3 of the following 5 components: 1) waist circumference ≥90
cm in men and ≥85 cm in women; 2) blood pressure ≥130/85
mmHg or treated with anti-hypertensive drugs; 3) fasting plasma
glucose ≥6.1 mmol/L, 2-h post-load glucose ≥7.8 mmol/L, or
treated with anti-hyperglycemic drugs; 4) fasting triglyceride
≥1.70 mmol/L; and 5) fasting high-density lipoprotein
cholesterol (HDL-c) <1.04 mmol/L. Overweight was defined as
body mass index (BMI) ≥ 24 kg/m2, whereas obesity was BMI ≥
28 kg/m2 for the Chinese population (15).

Statistical Analysis
The Kolmogorov–Smirnov test was used to examine the
distribution of all the continuous quantitative variables before
comparison. Continuous variables with normal distribution were
expressed as mean ± SD, or median (Q1, Q3) when normal
Frontiers in Endocrinology | www.frontiersin.org 3190
distribution was not achieved. Categorical variables were
expressed as counts and percentages. Continuous variables
were compared using Student’s t-test or Mann–Whitney test
between 2 groups, or one-way ANOVA or Kruskal–Wallis test
for more than two groups’ comparison as appropriate.
Bonferroni correction test was applied for post-hoc pairwise
comparisons. Categorical variables were compared using the
chi-squared test, and the 2×C cross-tabulation test was used
for multiple comparisons, with Bonferroni-adjusted Z-tests for
column proportions. Binary logistic regression analysis was used
to calculate the odds ratios for the presence of MetS in different
CAP-based hepatic steatosis groups, or in BMI and CAP
combination categories, and for hepatic steatosis (CAP ≥ 238
dB/m) in subjects with no MetS components. All statistical
analyses were performed using SPSS version 23.0. All statistical
tests were two-sided and were evaluated at the 0.05 level
of significance.
RESULTS

A total of 922 medical staff volunteered for the FibroScan
examination, while 98 subjects were excluded (Figure 1). Data
of anthropometries and laboratory tests of 824 participants were
included for analysis. The average age of the included subjects
was 53.2 years, and 24.4% were male subjects. The mean BMI
was 23.6 kg/m2, while 42.0% of them were overweight, and 7.9%
were obese. One hundred forty-one (17.1%) subjects were
diagnosed with diabetes. Three hundred forty (41.3%) subjects
had a previous history of dyslipidemia, 120 of them were treated
with statins, and 15 subjects were treated with fibrates. One
hundred eighty-one (22.0%) subjects met the criteria for MetS.
Subjects in the MetS group were approximately 13 years older,
had a slightly more male subject composition, and had
significantly higher BMI, waist and neck circumferences, and
FIGURE 1 | Flow chart of inclusion/exclusion and composition of the
included subjects.
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waist-to-hip ratio. The median systolic and diastolic pressure was
more than 10 mmHg higher in the MetS group. Around one-
third of the subjects were diagnosed with fatty liver by using
conventional ultrasound imaging, the percentage of which was
significantly lower than that identified by FibroScan (52.7%)
using CAP ≥ 238 dB/m as a cutoff value. The major difference
was attributable to the fact that FibroScan detected more fatty
liver in the non-MetS group than conventional ultrasonography,
while the performances of both in the MetS group were similar
(285/149 vs. 146/133, p = 0.000). The median LSM of all subjects
was 4.0 kPa, only 18 subjects (2.2%) were found to have
significant fibrosis (LSM ≥ 7.0 kPa), and 13 of them were in
the MetS group (13/181 vs. 5/643, p = 0.000). The subjects in the
MetS group had significantly higher fasting plasma glucose,
serum insulin, triglyceride, uric acid, creatinine, ALT, AST
level, and white blood cell count; their HDL-c, adiponectin,
and eGFR were lower; and their total cholesterol and low-
density lipoprotein cholesterol (LDL-c) were comparable with
those of the non-MetS group. The CAP and LSM values, as well
Frontiers in Endocrinology | www.frontiersin.org 4191
as insulin resistance indices including TyG, METS-IR, and
HOMA-IR, were all significantly higher in the MetS
group (Table 1).

The number of subjects with 5 MetS components was small
(n = 9), so we combined them with subjects with 4 MetS
components (n = 51) for further analysis. With accumulating
number of MetS components, there was an upward trend in the
percentage of subjects with CAP ≥ 238 dB/m in each group, from
25.1% in those with no MetS components to 81.7% in subjects
with 4 or 5 MetS components. The number and percentage of
subjects with CAP < 238 dB/m and 238 ≤ CAP ≤ 259 dB/m
decreased, while those with CAP > 291 dB/m increased with
accumulating MetS components. Likewise, the median and
quartiles of CAP values increased with accumulating MetS
components. When the subjects were categorized into 4
different groups according to hepatic steatosis severity as
assessed by CAP measurement, the number and percentage of
subjects with more MetS components (with 3, 4, or 5) increased,
while those with no MetS components decreased with the
TABLE 1 | Clinical characteristics of the study population and comparisons between subjects with and without MetS.

Characteristics Total Non-MetS MetS p

(n = 824) (n = 643, 78%) (n = 181, 22%)

Age (years) 53.2 ± 15.4 50.4 ± 15.0 63.3 ± 12.6 0.000
Gender, male, n (%) 201 (24.4%) 146 (22.7%) 55 (30.4%) 0.034
Body mass index (kg/m2) 23.6 ± 3.1 23.0 ± 2.7 25.9 ± 3.1 0.000
Waist circumference (cm) 81.7 ± 9.0 79.4 ± 8.1 89.5 ± 7.2 0.000
Waist-to-hip ratio 0.87 ± 0.06 0.86 ± 0.06 0.92 ± 0.05 0.000
Neck circumference (cm) 34.0 (32.4, 37.0) 33.5 (32.0, 36.0) 36.5 (34.5, 40.1) 0.000
Systolic pressure (mmHg) 121 (111, 135) 120 (110, 130) 136 (126, 147) 0.000
Diastolic pressure (mmHg) 72 (67, 80) 70 (65, 78) 80 (74, 85) 0.000
Drinking status, n (%) 139 (16.9%) 116 (18.0%) 23 (12.7%) 0.091
Smoking status, n (%) 49 (5.9%) 32 (5.0%) 17 (9.4%) 0.026
Diabetes, n (%) 141 (17.1%) 46 (7.2%) 95 (52.5%) 0.000
Hypertension, n (%) 249 (30.2%) 123 (19.1%) 126 (69.6%) 0.000
Dyslipidemia, n (%) 340 (41.3%) 206 (32.0%) 134 (74.0%) 0.000
Stroke, n (%) 15 (1.8%) 8 (1.2%) 7 (3.9%) 0.020
Coronary arterial disease, n (%) 68 (8.3%) 38 (5.9%) 30 (16.6%) 0.000
Fatty liver by ultrasound, n (%) 279 (33.9%) 146 (22.7%) 133 (73.5%) 0.000
Controlled attenuation parameter (dB/m) 241 (216, 278) 232 (207, 261) 285 (249, 318) 0.000
CAP ≥ 238 dB/m, n (%) 434 (52.7%) 285 (44.3%) 149 (82.3%) 0.000
Liver stiffness measurement (kPa) 4.0 (3.5, 4.8) 3.9 (3.4, 4.5) 4.5 (3.8, 5.9) 0.000
Fasting glucose (mmol/L) 5.2 (4.8, 5.9) 5.1 (4.8, 5.6) 6.4 (5.7, 7.8) 0.000
Cholesterol (mmol/L) 5.2 (4.6, 5.9) 5.1 (4.6, 5.8) 5.4 (4.5, 6.2) 0.259
Triglyceride (mmol/L) 1.14 (0.85, 1.67) 1.06 (0.77, 1.49) 1.85 (1.19, 2.66) 0.000
LDL-c (mmol/L) 3.40 ± 0.81 3.41 ± 0.75 3.37 ± 0.95 0.621
HDL-c (mmol/L) 1.44 ± 0.35 1.50 ± 0.35 1.27 ± 0.31 0.000
Alanine transaminase (U/L) 18 (14, 26) 17 (13, 24) 22 (17, 30) 0.000
Aspartate transaminase (U/L) 22 (18, 26) 22 (18, 25) 23 (19, 27) 0.008
Creatinine (mmol/L) 62 (55, 73) 62 (55, 72) 67 (56, 79) 0.005
Estimated glomerular filtration rate (ml/min/1.73 m2) 93.5 ± 21.3 95.1 ± 20.0 88.0 ± 24.5 0.001
Uric acid (mmol/L) 335 (280, 401) 325 (274, 384) 382 (324, 448) 0.000
Adiponectin (mg/ml) 12.7 (7.7, 22.6) 13.7 (8.7, 23.5) 7.9 (4.7, 13.5) 0.000
Fasting serum insulin (mU/ml) 5.7 (3.9, 8.0) 5.2 (3.6, 7.3) 8.7 (6.7, 11.8) 0.000
White blood cell count (×109/L) 6.3 (5.3, 7.4) 6.2 (5.2, 7.3) 6.8 (5.9, 7.9) 0.000
TyG 4.61 (4.41, 4.82) 4.55 (4.37, 4.73) 4.92 (4.72, 5.14) 0.000
METS-IR 31.9 (27.8, 36.8) 30.2 (26.8, 33.7) 37.7 (34.2, 42.9) 0.000
HOMA-IR 1.33 (0.87, 1.97) 1.14 (0.81, 1.71) 2.51 (1.71, 3.47) 0.000
Janua
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MetS, metabolic syndrome; HOMA-IR, homeostatic model assessment of insulin resistance; TyG, the product of fasting triglycerides and glucose; METS-IR, metabolic score for insulin
resistance; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol.
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increment of CAP-based groups. Similarly, the median and
quartiles of the number of MetS components were also
increased with increasing CAP-based groups (Figure 2).

There were 390 (47.3%) subjects who were diagnosed with no
hepatic steatosis according to CAP, while the rest were evenly
distributed among the mild, moderate, and severe hepatic
steatosis groups (17.0%, 16.5%, and 19.2%, respectively)
(Table 2). As compared with subjects with CAP < 238 dB/m,
there was a notable escalating trend in age, BMI, waist and neck
circumferences, waist-to-hip ratio, and blood pressure across
Frontiers in Endocrinology | www.frontiersin.org 5192
groups with increasing CAP values. Fasting plasma glucose,
serum insulin, triglyceride, ALT, AST, uric acid, white blood
cell count, and indices of insulin resistance (TyG, METS-IR, and
HOMA-IR) also increased, while adiponectin, HDL-c, and eGFR
decreased accordingly. The differences between adjacent groups
in cholesterol, LDL-c, AST, eGFR, white blood cell count, and
LSM were not significant. Bonferroni post-hoc analysis showed
that most of the clinical features in subjects with CAP < 238 dB/
m were significantly different from those with CAP ≥ 238 dB/m,
while differences between mild and moderate, or moderate and
A B

D

E F

C

FIGURE 2 | Distribution of MetS components and CAP grades of the study subjects. (A) Pie chart distribution of the number of MetS components. (B) Proportion of
subjects with different number of MetS components and percentage of those with CAP ≥ 238 db/m in each group. (C) Number of subjects with different grades of
hepatic steatosis according to CAP in each MetS component group. (D) Violin chart distribution of the median and quartiles of CAP in each MetS component group.
(E) Number of subjects with 0-5 MetS components in different hepatic steatosis groups according to CAP. (F) Violin chart distribution of the median and quartiles of
number of MetS components in different CAP-based groups.
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severe hepatic steatosis were less prominent (Supplementary
Table 1). Among the 390 subjects with CAP < 238 dB/m, 32
(8.2%) of them met the criteria for MetS, while more than half of
the subjects (51.3%) with CAP > 291 dB/m were categorized as
having 3 or more MetS components. Taking the group with no
hepatic steatosis (CAP < 238 dB/m) as control, subjects with
mild, moderate, and severe hepatic steatosis had increased odds
of having MetS by 2.92-, 4.50-, and 11.8-fold, respectively
(p = 0.000). The odds were still significant after adjusting for
multiple confounders (p = 0.020) (Table 3).

The subjects were divided into 4 groups based on whether they
were overweight or not using BMI ≥ 24 kg/m2 as the cutoff point,
and whether they were with (CAP≥ 238 dB/m) or without (CAP <
238 dB/m) hepatic steatosis (Table 4). In the sameBMI category of
either normalweight or overweight, subjectswithCAP≥ 238dB/m
had significantly higher BMI, waist and neck circumferences,
waist-to-hip ratio, blood pressure, fasting glucose and lipid
profiles, liver enzymes, white blood cell count, and insulin
resistance indices, but lower adiponectin and HDL-c levels as
compared with those of their counterparts. Overweight subjects
with CAP ≥ 238 dB/m had the worst metabolic profiles as
compared with those of the other 3 groups. Forty-six percent of
the subjects in this groupmet the criteria forMetS, nearly 10 times
Frontiers in Endocrinology | www.frontiersin.org 6193
that of subjects in the normal-weight and CAP < 238 dB/m group
(4.9%). Interestingly, other than somatotype indices (BMI, waist
circumference, and neck circumference), metabolic profiles in
subjects who were normal weight but with CAP ≥ 238 dB/m
were comparable with those of subjects who were overweight but
with CAP < 238 dB/m, including indices of insulin resistance, such
as TyG and HOMA-IR. The difference in METS-IR between these
2 groups might be due to different BMIs used in the formula. The
proportions of MetS in both groups were also similar (16.8% vs.
19.8%, p = 0.551) (Supplementary Table 2). Taking the normal-
weight and CAP < 238 dB/m group as control, subjects who were
normal weight but with CAP ≥ 238 dB/m had 3.88 times higher
odds of having MetS, while the odds in subjects who were
overweight with CAP < 238 dB/m was 4.75 times higher. The
odds ratio increased to 16.40 in overweight subjects with CAP ≥
238 dB/m. After age, BMI, waist, and multiple metabolic indices
were adjusted, the odds ratios in normal weight with CAP ≥ 238
dB/m and overweight with CAP < 238 dB/m were similar to those
of the control.However, overweight subjectswithCAP≥ 238dB/m
still had 3.24 times higher odds of having MetS. (p =
0.018) (Table 5).

Therewere 283 subjectswhowerewith noMetS components in
our study. Clinical characteristics were compared in these subjects
TABLE 2 | Comparison of clinical characteristics among subjects in different CAP categories.

Characteristics Controlled attenuation parameter (dB/m) p p p

<238 (Group 1) 238–259 (Group 2) 260–291 (Group 3) >291 (Group 4) Group 1 vs. 2 Group 2 vs. 3 Group 3 vs. 4

n (%) 390 (47.3%) 140 (17.0%) 136 (16.5%) 158 (19.2%) — — —

Age (years) 49.6 ± 15.5 54.0 ± 14.7 58.2 ± 14.7 57.4 ± 14.0 0.018 0.115 1.000
Gender, male, n (%) 74 (19.0%) 43 (30.7%) 38 (23.3%) 46 (29.1%) 0.004 0.613 0.824
Body mass index (kg/m2) 22.3 ± 2.7 23.8 ± 2.8 24.7 ± 2.8 25.7 ± 2.8 0.000 0.037 0.009
Waist circumference (cm) 77.4 ± 7.9 82.5 ± 8.0 84.8 ± 7.5 88.6 ± 7.8 0.000 0.098 0.000
Waist-to-hip ratio 0.85 ± 0.06 0.88 ± 0.06 0.89 ± 0.05 0.91 ± 0.05 0.000 0.602 0.015
Neck circumference (cm) 33.0 (31.5, 34.8) 34.5 (33.0, 37.9) 35.0 (33.4, 37.9) 36.4 (34.5, 39.3) 0.000 1.000 0.061
Systolic pressure (mmHg) 118 (110, 130) 125 (112, 140) 122 (113, 136) 130 (120, 142) 0.000 1.000 0.024
Diastolic pressure (mmHg) 70 (65, 78) 75 (68, 80) 75 (70, 80) 78 (70, 85) 0.002 1.000 0.047
Controlled attenuation
parameter (dB/m)

214 (195, 225) 248 (244, 253) 272 (266, 281) 318 (302, 338) 0.000 0.000 0.000

Liver stiffness measurement
(kPa)

3.9 (3.4, 4.5) 4.0 (3.5, 4.7) 4.2 (3.5, 5.0) 4.4 (3.9, 5.3) 0.746 1.000 0.112

Fasting glucose (mmol/L) 5.0 (4.7, 5.5) 5.2 (4.8, 5.8) 5.4 (5.0, 5.9) 5.8 (5.2, 6.8) 0.136 0.191 0.021
Cholesterol (mmol/L) 5.00 (4.50, 5.70) 5.10 (4.50, 6.10) 5.30 (4.60, 6.10) 5.45 (4.65, 6.10) 0.319 1.000 1.000
Triglyceride (mmol/L) 0.96 (0.72, 1.29) 1.21 (0.94, 1.75) 1.48 (0.98, 1.92) 1.69 (1.14, 2.52) 0.000 0.471 0.026
LDL-c (mmol/L) 3.30 ± 0.76 3.47 ± 0.87 3.45 ± 0.75 3.51 ± 0.88 0.355 1.000 1.000
HDL-c (mmol/L) 1.56 ± 0.37 1.41 ± 0.34 1.41 ± 0.33 1.27 ± 0.27 0.001 1.000 0.006
Alanine transaminase (U/L) 16 (12, 22) 18 (13, 23) 21 (16, 29) 24 (18, 34) 0.181 0.006 0.263
Aspartate transaminase (U/L) 20 (18, 24) 22 (18, 26) 23 (20, 27) 24 (20, 28) 0.927 0.243 1.000
Creatinine (mmol/L) 60 (54, 71) 64 (56, 77) 67 (58, 78) 62 (54, 71) 0.029 1.000 0.152
Estimated glomerular filtration
rate (ml/min/1.73 m2)

96.2 ± 21.5 91.4 ± 19.1 87.5 ± 19.3 94.0 ± 23.1 0.146 0.765 0.056

Uric acid (mmol/L) 303 (261, 366) 341 (296, 399) 363 (308, 422) 376 (321, 446) 0.001 0.854 1.000
Adiponectin (mg/ml) 16.5 (10.7, 26.2) 11.3 (7.7, 19.4) 9.4 (5.8, 16.7) 7.8 (4.7, 13.7) 0.004 0.792 0.531
Fasting serum insulin (mU/ml) 4.45 (3.24, 6.21) 6.09 (3.95, 7.24) 6.89 (4.88, 8.88) 8.47 (6.32, 11.1) 0.008 0.082 0.021
White blood cell count (×109/
L)

6.0 (5.1, 7.0) 6.3 (5.6, 7.5) 6.4 (5.5, 7.6) 6.9 (6.0, 7.9) 0.063 1.000 0.146

TyG 4.48 (4.32, 4.67) 4.68 (4.43, 4.82) 4.73 (4.52, 4.93) 4.83 (4.65, 5.04) 0.000 0.224 0.010
METS-IR 28.8 (25.8, 32.4) 32.3 (29.3, 36.8) 34.1 (30.1, 38.2) 36.9 (32.9, 41.1) 0.000 0.428 0.002
HOMA-IR 1.00 (0.69, 1.46) 1.34 (0.89, 1.88) 1.72 (1.13, 2.20) 2.29 (1.56, 3.17) 0.025 0.025 0.009
January 202
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CAP, controlled attenuation parameter; LSM, liver stiffness measurement; eGFR, estimated glomerular filtration rate; WBC, whit blood cell; HOMA-IR, homeostatic model assessment for
insulin resistance; TyG, the product of fasting triglycerides and glucose; METS-IR, metabolic score for insulin resistance.
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basedonwhether theywerewith orwithoutCAP≥ 238dB/m.Both
groups were similar in gender composition, blood pressure,
drinking and smoking status, LSM, cholesterol, LDL-c, HDL-c,
liver enzymes, and fastingplasma glucose. SubjectswithCAP≥ 238
dB/m were approximately 4 years older. Even though they were
with normal body build, adipose tissue distribution, andmetabolic
profiles, subjects with CAP ≥ 238 dB/m had higher BMI, waist and
neck circumferences, waist-to-hip ratio, fasting serum insulin, uric
acid, triglyceride, white blood cell count, and insulin resistance
Frontiers in Endocrinology | www.frontiersin.org 7194
indices, whereas their adiponectin and eGFR were significantly
lower (Table 6). Binary logistic regression analysis was used to
calculate the odds of hepatic steatosis as determined by CAP ≥ 238
dB/m in these healthy subjects. After all the correlated factors
identifiedbyvarianceanalysiswere adjusted, includingage, gender,
BMI, neck circumference, waist-to-hip ratio, triglyceride, eGFR,
uric acid, white blood cell count, adiponectin, and TyG, only waist
circumference and HOMA-IR appeared to contribute to the
increased odds of hepatic steatosis. For every 1-cm increase in
TABLE 4 | Clinical characteristics in normal-weight versus overweight subjects with or without hepatic steatosis.

Normal-weight and Normal-weight and Overweight and Overweight and p p p

Characteristics CAP < 238 dB/m CAP ≥ 238 dB/m CAP < 238 dB/m CAP ≥ 238 dB/m Group Group Group

(Group 1) (Group 2) (Group 3) (Group 4) 1 vs. 2 2 vs. 3 3 vs. 4

n (%) 304 (36.9%) 173 (21.0%) 86 (10.0%) 261 (31.7%) — — —

Age (years) 48.1 ± 15.1 56.9 ± 14.4 54.9 ± 15.6 56.4 ± 14.7 0.000 1.000 1.000
Gender, male, n (%) 47 (15.5%) 32 (18.5%) 27 (31.4%) 95 (36.4%) 0.391 0.020 0.399
Body mass index (kg/m2) 21.3 ± 1.7 22.1 ± 1.5 25.9 ± 2.5 26.6 ± 2.1 0.000 0.000 0.024
Waist circumference (cm) 75.1 ± 6.4 79.1 ± 5.7 85.9 ± 6.7 89.7 ± 6.7 0.000 0.000 0.000
Waist-to-hip ratio 0.83 ± 0.05 0.87 ± 0.05 0.88 ± 0.05 0.91 ± 0.06 0.000 0.391 0.001
Neck circumference (cm) 32.5 (31.2, 34.0) 33.5 (32.0, 34.8) 35.5 (34.0, 38.0) 37.0 (34.9, 40.0) 0.008 0.000 0.107
Systolic pressure (mmHg) 115 (109, 126) 122 (110, 139) 125 (118, 135) 128 (118, 140) 0.000 1.000 0.951
Diastolic pressure (mmHg) 70 (64, 77) 72 (67, 80) 72 (66, 80) 76 (70, 83) 0.005 1.000 0.011
Controlled attenuation parameter (dB/m) 208 (192, 224) 261 (248, 285) 221 (206, 229) 288 (261, 315) 0.000 0.000 0.000
Liver stiffness measurement (kPa) 3.9 (3.4, 4.5) 4.0 (3.4, 4.6) 3.8 (3.4, 4.5) 4.3 (3.6, 5.2) 1.000 0.771 0.000
Fasting glucose (mmol/L) 5.0 (4.7, 5.5) 5.4 (4.9, 5.9) 5.1 (4.8, 5.8) 5.6 (5.1, 6.4) 0.000 0.948 0.002
Cholesterol (mmol/L) 5.00 (4.40, 5.70) 5.40 (4.70, 6.10) 5.10 (4.70, 5.60) 5.30 (4.50, 6.05) 0.005 0.282 1.000
Triglyceride (mmol/L) 0.91 (0.68, 1.14) 1.27 (0.96, 1.82) 1.21 (0.97, 1.51) 1.55 (1.08, 2.18) 0.000 1.000 0.005
HDL-c (mmol/L) 1.60 ± 0.36 1.47 ± 0.34 1.43 ± 0.35 1.28 ± 0.27 0.003 1.000 0.008
LDL-c (mmol/L) 3.31 ± 0.80 3.47 ± 0.74 3.27 ± 0.62 3.49 ± 0.90 0.383 0.517 0.282
Alanine transaminase (U/L) 15 (12, 20) 19 (16, 27) 19 (13, 26) 21 (16, 26) 0.000 1.000 0.066
Aspartate transaminase (U/L) 20 (18, 24) 23 (20, 27) 22 (19, 26) 23 (19, 26) 0.000 0.340 1.000
Creatinine (mmol/L) 59 (54, 68) 62 (55, 70) 65 (55, 76) 67 (57, 81) 0.882 0.914 1.000
Estimated glomerular filtration rate (ml/min/1.73
m2)

97.5 ± 21.1 92.6 ± 20.0 91.4 ± 22.5 90.2 ± 21.3 0.097 1.000 1.000

Uric acid (mmol/L) 298 (254, 354) 339 (288, 386) 337 (288, 400) 376 (328, 445) 0.000 1.000 0.015
WBC (×109/L) 5.8 (5.0, 6.9) 6.4 (5.6, 7.5) 6.4 (5.7, 7.6) 6.7 (5.8, 7.9) 0.001 1.000 1.000
Adiponectin (mg/ml) 18.7 (12.0, 27.1) 13.0 (7.9, 24.2) 10.8 (6.2, 16.0) 8.1 (5.7, 12.6) 0.006 0.584 0.624
Fasting insulin (mU/ml) 4.1 (3.0, 5.7) 6.0 (4.2, 7.8) 6.4 (4.5, 8.7) 7.8 (5.8, 10.0) 0.000 1.000 0.104
TyG 4.44 (4.30, 4.61) 4.67 (4.48, 4.89) 4.63 (4.46, 4.72) 4.77 (4.60, 4.99) 0.000 0.716 0.000
METS-IR 27.4 (25.0, 29.8) 30.2 (27.5, 32.8) 34.1 (31.5, 36.7) 38.0 (34.7, 41.4) 0.000 0.000 0.007
HOMA-IR 0.95 (0.66, 1.28) 1.37 (0.95, 2.02) 1.39 (0.98, 2.07) 1.90 (1.31, 2.80) 0.000 1.000 0.047
Metabolic syndrome, n (%) 15 (4.9%) 29 (16.8%) 17 (19.8%) 120 (46.0%) 0.000 0.551 0.000
January 2022 | V
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CAP, controlled attenuation parameter; LSM, liver stiffness measurement; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; WBC, white blood cell;
eGFR, estimated glomerular filtration rate; HOMA-IR, homeostatic model assessment for insulin resistance; TyG the product of fasting triglycerides and glucose; METS-IR, metabolic score
for insulin resistance.
TABLE 3 | Proportion and odds ratio of having MetS according to CAP-based categories.

CAP categories n (%) Model 1* Model 2** Model 3***
OR (95% CI) OR (95% CI) OR (95% CI)

<238 dB/m 32/390 (8.2%) 1 1 1
238–259 dB/m 29/140 (20.7%) 2.92 (1.69, 5.05) 1.96 (1.05, 3.67) 3.51 (1.17, 10.6)
260–291 dB/m 39/136 (28.7%) 4.50 (2.68, 7.6) 2.00 (1.10, 3.64) 3.32 (1.17, 9.46)
>291 dB/m 81/158 (51.3%) 11.8 (7.30, 19.0) 4.81 (2.75, 8.41) 5.12 (1.83, 14.3)
p for trend 0.000 0.000 0.000 0.020
MetS, metabolic syndrome; CAP, controlled attenuation parameter; BMI, body mass index; UA, uric acid; WBC, white blood cell; TyG, the product of fasting triglycerides and glucose.
*Model 1: unadjusted.
**Model 2: adjusted for age, BMI, and waist.
***Model 3: adjusted for age, BMI, adiponectin, ADP, UA, WBC, and TyG.
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waist circumference, the odds of having hepatic steatosis increased
by 11%. And the odds increased by 1.39 times for every 1.0
increment in HOMA-IR (Table 7).
DISCUSSION

In this study, clinical data of 824 healthcare workers were
analyzed for detection of hepatic steatosis using FibroScan and
Frontiers in Endocrinology | www.frontiersin.org 8195
its association with metabolic derangement. We showed that
CAP value increased in parallel with the number of MetS
components, while the odds of having MetS increased
significantly with increasing CAP grades. In the same category
of either normal weight or overweight, metabolic profiles and
insulin resistance differed significantly between subjects with and
without hepatic steatosis, while clinical features and presence of
MetS were similar between normal-weight subjects with CAP ≥
238 dB/m and overweight subjects with CAP < 238 dB/m. Even
TABLE 6 | Comparison of clinical characteristics in subjects with no MetS components based on whether they were with or without hepatic steatosis.

Characteristics Controlled attenuation parameter (dB/m) p

<238 ≥238

n 212 71 —

Age (years) 41.2 ± 11.3 45.4 ± 13.2 0.011
Gender, male, n (%) 27 (12.7%) 15 (21.1%) 0.085
Body mass index (kg/m2) 21.5 ± 2.1 22.7 ± 2.2 0.000
Waist circumference (cm) 74.4 ± 6.0 78.3 ± 5.6 0.000
Waist-to-hip ratio 0.82 ± 0.05 0.85 ± 0.05 0.000
Neck circumference (cm) 32.5 (31.0, 33.8) 33.5 (32.0, 35.5) 0.001
Systolic pressure (mmHg) 110 (106, 120) 110 (107, 120) 0.484
Diastolic pressure (mmHg) 68 (62, 72) 69 (65, 72) 0.558
Drinking status, n (%) 39 (18.4%) 11 (15.5%) 0.720
Smoking status, n (%) 3 (1.4%) 1 (1.4%) 1.000
Dyslipidemia, n (%) 23 (10.8%) 14 (19.7%) 0.055
Controlled attenuation parameter (dB/m) 206 (189, 224) 259 (246, 280) 0.000
Liver stiffness measurement (kPa) 3.8 (3.3, 4.4) 3.7 (3.3, 4.4) 0.197
Fasting plasma glucose (mmol/L) 4.9 (4.6, 5.1) 4.9 (4.7, 5.3) 0.071
Cholesterol (mmol/L) 4.90 (4.40, 5.40) 5.00 (4.60, 5.60) 0.142
Triglyceride (mmol/L) 0.82 (0.65, 1.04) 0.94 (0.75, 1.22) 0.002
LDL-c (mmol/L) 3.26 ± 0.67 3.43 ± 0.64 0.122
HDL-c (mmol/L) 1.61 ± 0.29 1.56 ± 0.35 0.280
Alanine transaminase (U/L) 15 (12, 20) 17 (13, 22) 0.077
Aspartate transaminase (U/L) 20 (18, 23) 21 (18, 25) 0.328
Creatinine (mmol/L) 58 (53, 67) 60 (54, 72) 0.069
Estimated glomerular filtration rate (ml/min/1.73 m2) 102.3 ± 19.0 96.7 ± 16.5 0.031
Uric acid (mmol/L) 295 (251, 346) 334 (273, 381) 0.005
Adiponectin (mg/ml) 20.6 (12.2, 29.7) 10.7 (6.8, 20.3) 0.000
Fasting serum insulin (mU/ml) 4.14 (2.96, 5.74) 5.32 (3.72, 6.61) 0.018
White blood cell count (×109/L) 5.8 (5.0, 6.7) 6.3 (4.8, 7.3) 0.041
TyG 4.38 (4.25, 4.51) 4.43 (4.31, 4.59) 0.001
METS-IR 27.1 (24.8, 29.4) 28.9 (25.5, 31.4) 0.011
HOMA-IR 0.87 (0.63, 1.26) 1.09 (0.79, 1.47) 0.023
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MetS, metabolic syndrome; HOMA-IR, homeostatic model assessment of insulin resistance; TyG, the product of fasting triglycerides and glucose; METS-IR, metabolic score for insulin
resistance; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol.
TABLE 5 | Odds ratio of having MetS in normal-weight versus overweight subjects with or without hepatic steatosis.

Model 1* Model 2** Model 3*** Model 4$

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Normal weight and CAP < 238 dB/m 1 1 1 1
Normal weight and CAP ≥ 238 dB/m 3.88 (2.02, 7.47) 2.18 (1.08, 4.42) 1.01 (0.27, 3.75) 1.01 (0.27, 3.77)
Overweight and CAP < 238 dB/m 4.75 (2.26, 9.97) 1.21 (0.51, 2.90) 0.42 (0.06, 2.72) 0.56 (0.09, 3.70)
Overweight and CAP ≥ 238 dB/m 16.40 (9.24, 29.09) 3.86 (1.93, 7.74) 4.80 (1.57, 14.67) 3.24 (1.03, 10.2)
p for trend 0.000 0.000 0.000 0.018
MetS, metabolic syndrome; CAP, controlled attenuation parameter; BMI, body mass index; UA, uric acid; TyG, the product of fasting triglycerides and glucose; LSM, liver stiffness
measurement; ALT, alanine transaminase; AST, aspartate transaminase.
*Model 1 unadjusted.
**Model 2: adjusted for age, BMI, and waist.
***Model 3: adjusted for age, BMI, waist, adiponectin, UA, WBC, ALT, and TyG.
$Model 4: adjusted for gender, BMI, waist, waist-to-hip ratio, LSM, fasting insulin, creatinine, cholesterol, LDL-c, AST, fasting plasma glucose, and TyG.
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in subjects with no MetS components, those with CAP ≥ 238 dB/
m had higher BMI, waist and neck circumferences, waist-to-hip
ratio, fasting insulin, uric acid, triglyceride, white blood cell
count, and indices of insulin resistance, whereas their
adiponectin and eGFR were lower. Waist circumference and
HOMA-IR were predictive factors for increasing odds of
hepatic steatosis.

Non-Alcoholic Fatty Liver Disease Related
to Metabolic Derangement
There is growing evidence showing that NAFLD is a multisystem
disease, affecting multiple extra-hepatic organs and regulatory
pathways (16, 17). Meta-analysis has shown that NAFLD
doubled the incidence of type 2 diabetes as well as chronic
kidney disease (18, 19). Several large prospective studies also
showed that NAFLD increased the risk of fatal and non-fatal
CVD events, independent of established CVD risk factors (20–
22). NAFLD might be associated with such complications either
as a consequence of shared cardio-metabolic risk or as an
example of ectopic fat accumulation leading to insulin
resistance. In fact, NAFLD is not only a simple marker of
cardiac/vascular and kidney damage but may also directly
contribute to the development of these complications through
hepatic production of lipids, atherogenic lipoproteins, pro-
inflammatory and pro-oxidant molecules, induction of hepatic/
peripheral insulin resistance, and glycemia dysregulation (16,
23–25). Therefore, the significance of early detection of hepatic
steatosis using reliable, non-invasive, and inexpensive techniques
is essential to screen for the accompanying metabolic
derangement and warrant the initiation of early intervention.

In our study, the subjects included are assumed to be at lower
risk of having MetS as compared with the general population,
because they have more knowledge of the healthcare
consequences and disease prevention. They are engaged in
more health behavioral counseling including physical activity,
fruit and vegetable consumption, and ideal body weight
maintenance. Indeed, the proportions of drinking (16.9%) and
smoking (5.9%) in our study were relatively low, as were the
percentages of obesity (7.9%), MetS (22%), and significant
hepatic fibrosis (2.2%). We showed that there were clear-cut
differences in metabolic derangement between subjects with and
without hepatic steatosis by using CAP ≥ 238 dB/m as the cutoff
value. The odds of having MetS significantly elevated with
increased severity of hepatic steatosis. The metabolic profiles
and odds of having MetS in normal-weight subjects with CAP ≥
Frontiers in Endocrinology | www.frontiersin.org 9196
238 dB/m were very similar to those of overweight subjects with
CAP < 238 dB/m, indicating that the metabolic impact of fat
accumulation in the liver in a non-overweight subject is
comparable with that of general fat accumulation other than
the liver in an overweight subject. Even in apparently healthy
subjects with no MetS components, those with CAP ≥ 238 dB/m
had more anthropometric and hematological indices associated
with MetS and insulin resistance. Thus, CAP is a convenient and
sensitive non-invasive surrogate marker for early detection of
metabolic derangement in a population with lower risk.
Controlled Attenuation Parameter
Associated With Metabolic
Syndrome Components
Large and prospective studies have demonstrated the accuracy of
CAP in identifying hepatic steatosis (7, 26, 27). The usefulness of
CAP in exploring the correlation between NAFLD and MetS
components has also been validated previously. Mikolasevic et al.
(10) showed that in 648 patients with one or more MetS
components, in whom 67.3% met the criteria for MetS, the
prevalence of NAFLD (CAP ≥ 238 dB/m, 88.3%) and advanced
liver fibrosis (LSM ≥ 7.0 kPa, 16.5%) was high, and CAP and LSM
correlated with the number of MetS components. Another study
involved 1,983 community-based participants who underwent
self-paid health examination, in which the proportion of MetS
was relatively low (13.6%). It showed that CAP had a moderate
prediction performance for MetS. The AUROC was 0.79 for CAP
alone, and it rose to0.85whencombinedwithgender, age, andBMI
(8). Huh et al. (9) investigated the interplay of obesity and
metabolic health on hepatic steatosis and fibrosis in 2,198
asymptomatic subjects who underwent health checkups using
FibroScan. They showed that the presence of either metabolically
unhealthy status or obesity was closely associated with the risk of
hepatic steatosis, while significant liver fibrosis was more
significantly associated with obesity rather than with unhealthy
metabolic status. Our results agree with the above studies in that
CAP increased in parallel with the number of MetS components.
Risks of havingMetS increasedwith the severity of hepatic steatosis
as graded by CAP. Because the proportion of significant fibrosis
was quite low (2.2%) in our study, we did not confirm the effect of
LSM in association with obesity, metabolic disturbance, or insulin
resistance. The increment inLSMappeared tobe an accompanying
change with CAP, and the differences in LSMwere only significant
in the CAP > 291 dB/m group or overweight subjects with CAP ≥
238 dB/m as compared with other groups in our study.

There are two significant findings in our study. Firstly, we
showed the distinct differences between subjects with and
without hepatic steatosis using CAP ≥ 238 dB/m as a cutoff
point in the same category of either normal weight or
overweight. Thus, in subjects who are with normal body
habitus, those with increased CAP value tend to have worse
metabolic profiles and insulin sensitivity, and the biochemical
indices and proportion of patients with MetS are similar to those
who are overweight and with no hepatic steatosis. Subjects who
are both overweight and with hepatic steatosis have the worst
metabolic profiles and the greatest risk of having MetS. Therefore,
TABLE 7 | Predictive factors for increasing odds of hepatic steatosis in subjects
with no MetS components.

Wald’s Odds* 95% CI p

Waist (cm) 10.5 1.11 (1.04, 1.18) 0.001
HOMA-IR 5.85 2.39 (1.18, 4.83) 0.016
Constant 15.82 0.000
MetS, metabolic syndrome; HOMA-IR, homeostatic model assessment of insulin
resistance; BMI, body mass index; TyG, the product of fasting triglycerides and glucose.
*Adjusted for age, gender, BMI, neck, waist-to-hip ratio, triglyceride, glomerular filtration
rate, uric acid, white blood cell count, adiponectin, and TyG.
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CAP ≥ 238 dB/m could serve as a sensitive surrogate marker for
identifying metabolic derangement in both normal-weight and
overweight populations. Subjectswho arenormalweightwithCAP
≥ 238 dB/mmight represent those who have normal total fat mass
but impaired adipose tissue expandability and function. In
contrast, subjects who are overweight but with CAP < 238 dB/m
may represent those who have better adipose tissue function, less
ectopic fat storage, and better insulin sensitivity, though with
increased total fat mass. A consensus has been reached on the
recognition of sub-phenotypes of body weight in association with
metabolic health status, namely, “normal-weight metabolically
healthy” , “normal-weight metabol ical ly unhealthy” ,
“metabolically healthy obesity”, and “metabolically unhealthy
obesity”, though the diagnostic criteria are not consistent, and
the cardiovascular and metabolic consequences of the sub-
phenotypes are disputable (28–32). Because CAP correlates well
with MetS components, higher values of CAP may indicate
increased metabolic derangement and insulin resistance. The
role of CAP in identifying normal-weight subjects with hepatic
steatosis is especially important for the Asian population since the
recent guideline has highlighted the fact that Asian people are
particularly susceptible to lean NAFLD, partly because of body
composition differences in fat and muscle, as well as genetic
susceptibility (33). More importantly, evidence showed that non-
obese patients achieved equivalent remission of NAFLD by a
modest (3%–5%) weight reduction through lifestyle intervention
(34). Thus, prospective studies are needed to further validate the
usefulness of CAP as a surrogate marker for the transition of
metabolic health status over time and for the prediction of
cardiovascular outcomes.

Additionally, we showed that in subjects with no MetS
components, the differences between those with CAP < 238
dB/m and CAP ≥ 238 dB/m were apparent. Subjects with
increased CAP value tend to be older and have higher BMI,
waist and neck circumferences, waist-to-hip ratio, triglyceride,
uric acid, fasting insulin, white blood cell count, and insulin
resistance indices, whereas lower adiponectin and eGFR. These
are routine indicators associated with metabolic derangement,
insulin resistance, and chronic inflammation. Our findings may
suggest that in metabolically healthy subjects with increased
CAP, though within normal range, subtle adverse changes in
body size, visceral adiposity, lipid profile, uric acid, inflammatory
index, and insulin resistance have already clustered in the
direction of MetS long before its occurrence. Because this is a
cross-sectional study, we could not rule out the possibility that
the differences between the two groups were due to an
approximately 4 years’ gap in age by chance, which resulted in
aging-associated metabolic derangement and insulin resistance.
However, in the subsequent binary logistic regression analysis,
age was no longer a risk factor after adjusting for multiple
correlated confounders. The odds of hepatic steatosis increase
with elevated waist circumference and HOMA-IR, which are
indicators of visceral adipose accumulation and hepatic insulin
resistance. However, long-term follow-up of these subjects for
their transition of metabolic health status is still needed to
validate this point of view.
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Limitations
Our study has several limitations. Firstly, we do not have our
own liver biopsy data to support the cutoff point of CAP for
diagnosing hepatic steatosis. As a matter of fact, age-, gender-,
and ethnic-specific CAP cutoff values based on liver biopsy in the
general population without known hepatic diseases are lacking.
We chose the one most recognized in the literature. Nevertheless,
we showed that CAP ≥ 238 dB/m is sensitive enough to
distinguish between different metabolic statuses. Secondly, the
proportion of male subjects is small; thus, we failed to confirm
the gender discrepancy in association with MetS as described
previously (35, 36). Likewise, the proportion of significant
fibrosis is not enough to validate its contribution to assessing
metabolic risk. Therefore, we may need a larger sample size, with
a more sensible distribution across gender and liver stiffness in
future studies. Finally, since this is a cross-sectional study, we
cannot validate the causation between hepatic steatosis and
MetS. However, the metabolic derangement between subjects
with or without hepatic steatosis was evident even in those with
no MetS components or in subjects with normal weight.
Therefore, we believe that CAP ≥ 238 dB/m did make a
significant impact on a subject, even though he/she may seem
apparently healthy, with no known risk factors or metabolic
derangement. Rather than label this subject with a disease name,
it may be more appropriate to call for attention to the underlying
or impending metabolic derangement and take action (through
lifestyle modification) to avoid future adverse outcomes. We
need a prospective and longitudinal study to verify our findings.

Summary
In summary, we showed that CAP is a convenient and sensitive
non-invasive surrogate marker for early detection of metabolic
derangement in a population with lower risk. The major benefit of
detecting hepatic steatosis in apparently healthy individuals is to
identify the underlying metabolic derangement, therefore allowing
the initiation of early intervention through lifestyle modification.
This is of particular importance for the Asian population with a
substantial proportion of lean NAFLD. Prospective studies are
needed to further evaluate the usefulness of CAP as a surrogate
marker for the transition of metabolic health status and for the
prediction of cardiovascular outcomes.
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Aims: This study aimed to compare the diagnostic accuracy of the metabolic syndrome
with the Finnish Diabetes Risk Score (FINDRISC) to screen for type 2 diabetes mellitus
(T2DM) in a Shanghai population.

Methods: Participants aged 25-64 years were recruited from a Shanghai population from
July 2019 to March 2020. Each participant underwent a standard metabolic work-up,
including clinical examination with anthropometry. Glucose status was tested using
hemoglobin A1c (HbAlc), 2h-post-load glucose (2hPG), and fasting blood glucose
(FBG). The FINDRISC questionnaire and the metabolic syndrome were examined. The
performance of the FINDRISC was assessed using the area under the receiver operating
characteristic curve (AUC-ROC).

Results: Of the 713 subjects, 9.1% were diagnosed with prediabetes, whereas 5.2%
were diagnosed with T2DM. A total of 172 subjects had the metabolic syndrome. A higher
FINDRISC score was positively associated with the prevalence of T2DM and the metabolic
syndrome. Multivariable linear regression analysis demonstrated that the FINDRISC had a
linear regression relationship with 2hPG levels (b’= 036, p < 0.0001). The AUC-ROC of the
FINDRISC to identify subjects with T2DM among the total population was 0.708 (95% CI
0.639–0.776), the sensitivity was 44.6%, and the specificity was 90.1%, with 11 as the cut-
off point. After adding FBG or 2hPG to the FINDRISC, the AUC-ROC among the total
population significantly increased to 0.785 (95% CI 0.671–0.899) and 0.731 (95% CI
0.619–0.843), respectively, while the AUC-ROC among the female group increased to
0.858 (95% CI 0.753–0.964) and 0.823 (95% CI 0.730–0.916), respectively (p < 0.001).
The AUC-ROC of the metabolic syndrome to identify subjects with T2DM among the total
and female population was 0.805 (95% CI 0.767–0.844) and 0.830 (95% CI 0.788–0.872),
respectively, with seven as the cut-off point.

Conclusions: The metabolic syndrome performed better than the FINDRISC model. The
metabolic syndrome and the FINDRISC with FBG or 2hPG in a two-step screening model
are both efficacious clinical practices for predicting T2DM in a Shanghai population.
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INTRODUCTION

The increasing prevalence of diabetes, particularly type 2
diabetes mellitus (T2DM), has reached epidemic proportions
worldwide (1). In 2019, 463 million people was estimated to
suffer from diabetes, and this number was projected to reach 578
million by 2030, and 700 million by 2045 (2). A recent study (3)
indicated that the total number of patients with diabetes in
mainland China was approximately 129.8 million (70.4 million
men and 59.4 million women). Follow-up studies in China,
Finland, and the United States (4) have found that early
lifestyle and drug interventions can delay or reduce the risk of
developing T2DM by 30–60%. Hence, the identification of these
individuals is important and effective (5–8). The responsibility
for the care of T2DM patients has been transferred from
secondary to primary care in the last two decades, among
which prediction tools are crucial for identifying individuals at
high risk of T2DM (9).

Insulin resistance (IR), the main indicator used in the
diagnosis of T2DM even at certain insulin concentrations, is
defined as the decreased glucose uptake by cells. Several methods
are available for diagnosing IR (10). The homeostasis model
assessment of insulin resistance (HOMA-IR) is one of the most
widely used methods for assessing IR. In addition, the
homeostasis model for assessing insulin sensitivity (HOMA-IS)
and b-cell function (HOMA-b) is always used to observe insulin
secretion and pancreatic b-cell functions (11). However, it is
necessary to measure serum insulin levels to calculate HOMA,
and this measurement is not part of routine evaluation in health
care services. In addition, subjects with prediabetes or T2DM are
commonly accompanied by a set of risk factors, which is known
as the metabolic syndrome. The metabolic syndrome is a cluster
of IR and disturbed glucose metabolism, overweight and
abdominal fat distribution, dyslipidemia, and high blood
pressure (12). Subjects with the metabolic syndrome have a 5-
fold higher risk of developing T2DM (13). The metabolic
syndrome is present if at least three of the following five
criteria are met (14): (1) waist circumference ≥ 102 cm in men
or 88 cm in women; (2) blood pressure ≥ 130/85 mmHg; (3)
triglyceride (TG) levels ≥ 1.7 mmol/L; (4) high-density
lipoprotein cholesterol (HDL-C) levels ≤ 1.03 mg/dl in men or
1.3 mmol/L in women; (5) fasting blood glucose (FBG) ≥ 100
mg/dl. This makes it one of the most labor-intensive and
expensive prediction tools for T2DM.

Simple prediction tools that can identify individuals at risk
could reduce the cost and inconvenience of screening. With such
tools, a two-step procedure could be used: first, subjects would be
screened with a risk score, and then those individuals identified
to have a high risk for T2DM would have their glycemic status
assessed by FBG, 2-h post-load glucose (2hPG) using the oral
glucose tolerance test (OGTT), or hemoglobin (Hb)A1c
measurements (15). However, due to differences in diet,
lifestyle, social environment, and genetic susceptibility of
different populations, the applicability of the model is limited
(16). Therefore, various regions need to continue to explore
T2DM assessment models that are suitable for local populations.
The ideal assessment model needs to accurately assess the disease
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risk of individuals and to identify high-risk groups that are more
likely to develop T2DM (discernment), which is a prerequisite
for mature risk assessment models (17).

The Finnish Diabetes Risk Score (FINDRISC) model is the
most authoritative and widely used risk-scoring model in Europe
and other populations (15). The European Society of Cardiology,
the European Association for the Study of Diabetes, and the
Canadian Preventive Health Care Working Group all
recommend the use of the FINDRISC model in the screening
of T2DM when formulating the prevention and treatment
guidelines for diabetes (15). The original questions in the
FINDRISC model included age, body mass index (BMI), waist
circumference, physical activity, daily consumption of fruits and
vegetables, use of antihypertensive medication, history of high
blood glucose, and family history of diabetes. Population-wide
screening for diabetes using a standard risk calculator is more
acceptable than HbA1c, 2hPG, or FBG, which require invasive
testing (17). Many countries, including Finland, Canada, and
Thailand, routinely use standard risk calculators to determine
who should undergo invasive testing for T2DM diagnosis (17).
Receiver operating characteristic (ROC) curve analysis is the
most frequently used method to evaluate the discernment of the
FINDRISC model (18). The value of the area under the ROC
curve (AUC-ROC) is a global summary statistic of the
discriminative value of a model, which can be used to illustrate
the possibility that scores are higher in individuals with T2DM
than in those without T2DM.

Despite the widespread use of FINDRISC models, the
discriminatory accuracy of the metabolic syndrome versus the
FINDRISC model has not been tested in a Chinese population.
Hence, in this study, the metabolic syndrome to the FINDRISC
model as a screening tool for T2DM in a Shanghai population
was compared.
METHODS

Source of Data
The study was a cross-sectional clinical study. Patients who
underwent physical examination at two community hospitals in
Sanlin and Zhangjiang (Shanghai), who were aged between 25 and
64 years, were recruited from July 2019 to March 2020. The target
population was stratified and sampled according to age group (every
10 years was 1 segment) and gender to ensure the uniform
distribution of all ages and genders. According to the annual
incidence of IGT diabetes (8%-11%), the minimum sample size
was 470 cases. In this study, 1,000 cases were participated, and
finally a total of 713 participants have completed the study. The
study protocol was approved by the Ethics Committee of Shuguang
Hospital, affiliated with the Shanghai University of Traditional
Chinese Medicine (Certificate number 2018-599-28-01). Written
informed consent was obtained from all the participants before
enrollment. Exclusion criteria included current pregnancy, inability
to communicate or stand, previous diagnosis of T2DM, or refusal to
participate in the study by not providing informed consent. The
participants’ diabetes risk was calculated based on their FINDRISCs.
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Diabetes and Pre−Diabetes Definitions
T2DM was defined using the WHO criteria (19) based on one of
the following: FBG ≥ 7.0 mmol/L, 2hPG ≥ 11.1 mmol/L, a random
plasma glucose ≥ 11.1 mmol/L, HbA1c ≥ 6.5% (48 mmol/mol)
(based on the American Diabetes Association (ADA) criteria); and
the criteria for pre-diabetes diagnosis, which is based on impaired
fasting glucose (IFG): 6.1 mmol/L ≤ FBG < 7.0 mmol/L or
impaired glucose tolerance (IGT): 7.8 ≤ 2hPG < 11.1 mmol/L (20).

The Metabolic Syndrome Criteria
The metabolic syndrome was evaluated according to the
National Cholesterol Education Program Adult Treatment
Panel III (NCEP ATP III) (14). Subjects were classified as
having the metabolic syndrome if more than three of the
following criteria were met:

(1) Waist circumference ≥ 102 cm in men and ≥ 88 cm in women

(2) Hypertriglyceridemia: ≥ 150 mg/dl;

(3) Low-HDL cholesterol: < 40 mg/dl in men and < 50 mg/dl in
women

(4) High blood pressure: ≥ 130/85 mmHg or on antihypertensive
medication

(5) High FBG: ≥ 100 mg/dl.
Clinical Evaluation
Participants’ name, age, sex, address, contact number, and
history of hypertension, hyperlipidemia, hyperuricemia, and
fatty liver disease were recorded in the questionnaire form.
Each participant underwent a standard metabolic workup,
including a clinical examination with anthropometry. All
measurements were performed in the morning, with
participants in fasting conditions and the lightest possible
clothes. Height was measured to the nearest 0.5 cm using a
wall-mounted stadiometer. Body weight was tested using a
digital scale to the nearest 0.2 kg with the participants wearing
the lightest possible clothes. Body mass index (BMI) was
calculated as weight in kilograms over height in m2 (21). Waist
circumference was measured at the mid-level between the lower
rib margin and the iliac crest with the participants in a standing
position. Blood pressure was measured on the right arm with the
participants in a sitting position. The questionnaire was
completed without laboratory tests. The answer to each
question was assigned different weighted scores, as shown in
Table 1. The final score was the sum of the scores from the eight
questions, which ranged from 0 to 26.

Biochemical Variables
Laboratory inspection indicators included FBG, 2-h plasma glucose
in the 75 g oral glucose tolerance (2hPG) test, fasting serum insulin
level (FINS), HbA1c, triglyceride (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), and High-density
lipoprotein cholesterol (HDL-C). Insulin resistance and b cell
function were estimated using the homeostasis model assessment
(HOMA), as described by Song, Manson (11). HOMA-IR was
calculated as [FINS (mU/l) × FBG (mmol/L)]/22.5; b-cell function
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(HOMA%b) was calculated as 20 × (FINS [mU/l]/[FBG
(mmol/L) - 3.5] × 100%; insulin sensitivity (HOMA%S) was
calculated as 1000/(FINS (mU/l) × (FBG (mmol/L).

Procedures for blood sample collection were explained to the
participants by trained laboratory staff. Participants were asked
to provide venous blood samples after 8–12 h of fasting. The first
blood sample was obtained at the first follow-up after verifying
the fasting period. Subsequently, 300 mL of test solution
containing 75 g of anhydrous glucose was used as
recommended. A new blood sample was obtained after 2 h to
measure glucose levels. Blood testing was performed at the
Shuguang Hospital Testing Center.

Statistical Analysis
All categorical variables were summarized as numbers and
percentages (%), and the chi-squared test was performed to
detect differences between men and women. Continuous
variables were expressed as means with standard deviations
(SD), and between-group comparisons were conducted using
independent sample 2-tailed t-tests or Mann-Whitney U tests.
Pearson correlation analyses were used to measure the association
between the variables and the FINDRISCs. Multivariable linear
regression analyses were conducted using the FINDRISC as a
dependent variable. ROC curves were constructed to show the
relationship between the sensitivity and specificity of the
TABLE 1 | Finnish Diabetes Risk Score (FINDRISC) questionnaire.

Item Standard Score

Age
Under 45 years 0
45–54 years 2
55–64 years 3
>64 years 4

BMI
<24 kg/m2 0
24–28 kg/m2 1
>28 kg/m2 3

Waist circumference (male)
<90cm 0
90–102 cm 3
>102 cm 4

Waist circumference (female)
<80 cm 0
80–88 cm 3
>88 cm 4

Physical Activity ≥ 30 min/d
Yes 0
No 2

Consume fruits and vegetables daily
Yes 0
No 1

History of hypertension
Yes 2
No 0

History of high glucose
Yes 5
No 0

Family history of diabetes
No 0
Yes (non-first-degree relatives) 3
Yes (first-degree relatives) 5
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FINDRISC for identifying subjects with T2DM. The AUC-ROC
was used to evaluate the discriminatory accuracy of the
FINDRISC in identifying prediabetes and diabetes subjects in
male, female, and overall populations. An AUC-ROC of 1.0
represents a perfect test, with no false positive rate and no false
negative rate, while an AUC-ROC of 0.5 indicates that the test
performed no better than chance. The cut-off points to identify
prediabetes and diabetes were determined by the point with the
shortest distance to the upper left corner in the ROC curve, which
was calculated as the square root of [(1-sensitivity) + (1-
specificity)]. The same statistical analysis was performed to
evaluate the discriminatory accuracy of the metabolic syndrome
to identify subjects with T2DM. Statistical analyses were
performed using SPSS software (version 26.0; Chicago, IL,
USA). Statistical significance was set at p < 0.05.
RESULTS

Characteristics of the Study Participants
Table 2 summarizes the basic and clinical characteristics of the
713 participants involved in this study. The mean age of the
participants was 45.2 ± 11.2 years (women: 45.1 ± 11.4 years;
men: 45.4 ± 10.9 years), and women accounted for 60.6% of the
total participants. There was no statistically significant difference
between men and women in terms of age (p = 0.655). Men had
higher height (168.5 vs. 157.7 cm; p < 0.001), waist circumference
(83.2 vs. 77.9 cm; p < 0.001), weight (68.0 vs. 58.4 kg; p < 0.001),
diastolic pressure (81.8 vs. 78.9 mmHg; p < 0.001), HOMA%S
(287.7 vs. 286.6; p = 0.016), and TG (1.7 vs. 1.3 mmol/L; p =
0.002) values than women. Women had higher FBG (5.1 vs. 4.9
mmol/L; p = 0.038), fasting serum insulin (22.7 vs. 13.7 mmol/L;
p < 0.001), HOMA%b (97.0 vs. 96.1%; p = 0.016), and HDL-C
(1.4 vs. 1.2 mmol/L, p < 0.001) values than men. In addition,
women had a stronger family history of high glucose (7.4 vs.
4.3%) and diabetes (23.4 vs. 18.1%) and were relatively more
physically active (69.0 vs. 63.7%). With increasing values of basic
characteristics in the original FINDRISC questionnaire and
increasing levels of lipid metabolic and obesity-related
indicators, including systolic and diastolic blood pressure, FBG,
2hPG, HbA1c, fasting serum insulin level, TC, and TG, the
FINDRISC values increased significantly. In total, 91% of the
participants had a very low to low risk (FINDRISC ≤ 11) of
T2DM and 5% had a high or very high risk (FINDRISC ≥ 15) of
developing T2DM, according to the FINDRISC scale (Table 3).
There was no significant difference between men and women in
terms of their risk of developing T2DM (p = 0.067).

According to the ADA diagnostic criteria, 37 participants
were newly diagnosed with T2DM, 65 with prediabetes, and 611
participants were diagnosed with non-T2DM. In total, 172
participants met the diagnostic criteria for the metabolic
syndrome. The FINDRISC score increased with worsening
glucose status, including FBG, 2hPG, and HbA1c. Of the 172
participants who were diagnosed with the metabolic syndrome,
63 had a FINDRISC score ≥ 11.
Frontiers in Endocrinology | www.frontiersin.org 4203
Associations Between FINDRISCs and
Patient Characteristics
According to the results of the Pearson’s correlation analysis
shown in Table 4, significant positive correlations between the
FINDRISC and the metabolic syndrome were observed,
including systolic and diastolic blood pressure (r = 0.34, and
0.300, respectively, p < 0.001), FBG, 2hPG, HbA1c, fasting serum
insulin level (r = 0.356, 0.361, 0.358, and 0.219, respectively, p <
0.001), TC, TG, and LDL-C (r = 0.276, 0.281, and 0.238,
respectively, p < 0.001). In contrast, there was an inverse
association between HDL-C and the FINDRISC (r = -0.211,
p < 0.001). Subsequently, a multivariable linear regression
analysis was performed using the FINDRISC as an independent
variable to reach the final regression model. The p values
revealed that the FINDRISC had a significant linear regression
relationship with 2hPG (b’ = 0.160, p < 0.0001). According to the
standardized coefficient, 2hPG showed the greatest impact on
the FINDRISC among all characteristics (R2 = 0.527; F = 27.287,
p < 0.0001, Table 5).

Diagnostic Accuracy for
Undiagnosed T2DM
Table 6 shows the cut-off points of the metabolic syndrome and
FINDRISC for screening of undiagnosed T2DM using 2hPG,
FBG, and HbA1c as the diagnostic criteria, separately for the
overall, female, and male populations. The highest AUC-ROC
value was observed for the FBG criteria in the FINDRISC (AUC-
ROC = 0.858, 95% CI 0.753–0.964) among the female group,
followed by the female group with the metabolic syndrome
(AUC-ROC = 0.830, 95% CI 0.788–0.872), and using
FINDRISC with 2hPG among the female group (AUC-ROC =
0.823, 95% CI 0.730–0.916) (Figure 1). FINDRISC and the
metabolic syndrome appeared to have better performance in
the female group than in the male group (Figure 2). The AUC-
ROC of the FINDRISC to identify subjects with T2DM among
the total population was 0.708 (95% CI 0.639–0.776); its
sensitivity was 44.6% and its specificity was 90.1%, with 11 as
the cut-off point. When adding FBG or 2hPG to the FINDRISC,
the AUC-ROC among the total population significantly
increased to 0.785 (95% CI 0.671–0.899) and 0.731 (95% CI
0.619–0.843), respectively, while the AUC-ROC among the
female group increased to 0.858 (95% CI 0.753–0.964) and
0.823 (95% CI 0.730–0.916), respectively (p < 0.001)
(Figure 3). The AUC-ROC of the metabolic syndrome to
identify subjects with T2DM among the total and female
population was 0.805 (95% CI 0.767–0.844) and 0.830 (95% CI
0.788–0.872), respectively, with seven as the cut-off point.

While using the FINDRISC model, adding FBG resulted in the
highest AUC-ROC value (0.785) among the total population,
compared to the addition of HbA1c (0.704) and 2hPG (0.731).
Although the addition of FBG or 2hPG increased the AUC-ROC
value of FINSDRISC for predicting T2DM, the discriminatory
accuracy was lackluster for the metabolic syndrome. A sensitivity
analysis of the influence of different threshold values was
performed (Tables S1–S15). When adding FBG or HbA1c, the
February 2022 | Volume 13 | Article 725314
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TABLE 2 | Prevalence of components of the modified version of the Finnish Diabetes Risk Score (FINDRISC) by sex.

Male p

FINDRISC8–
10 (n = 42)

FINDRISC11–
14 (n = 18)

FINDRISC15–
20 (n = 9)

FINDRISC21–
26 (n = 1)

4.9 (0.6) 6.3 (2.9) 5.2 (0.6) 5.0 0.038

5.7 (2.1) 8.1 (4.8) 8.1 (2.7) 13.4 0.921

5.7 (0.4) 6.3 (1.4) 6.3 (0.5) 7.6 0.825

22.2 (22.2) 24.6 (35.6) 12.1 (12.5) 1.4 <0.001

109.5 (86.1) 80.2 (41.6) 56.6 (24.6) 49.4 0.016

261.7 (214.2) 270.0 (195.3) 444.2 (198.1) 51.7 0.002

1.1 (1.3) 0.8 (0.7) 0.5 (0.6) 1.9 0.003

5.0 (0.9) 4.8 (0.7) 4.8 (0.8) 6.0 0.491

2.0 (1.3) 3.1 (4.6) 3.7 (3.7) 2.0 0.002

1.1 (0.2) 1.2 (0.3) 1.1 (0.2) 1.2 <0.001

2.9 (0.8) 2.6 (0.6) 2.4 (0.5) 3.3 0.876

126.5 (14.9) 125.2 (19.2) 135.6 (17.3) 130 0.986

83.3 (9.0) 86.2 (10.9) 88.2 (7.3) 90 <0.001

168.6 (5.8) 169.1 (3.7) 171.1 (3.5) 163.7 <0.001

75.9 (11.3) 75.4 (9.9) 81.6 (7.4) 83 <0.001

8.6 (0.8) 11.7 (1.1) 16.3 (1.7) 24 0.017

44.9 (10.5) 45.7 (9.6) 52.7 (8.2) 55 0.655

90.6 (7.1) 89.5 (8.1) 96.4 (6.8) 106 <0.001

26.6 (2.9) 26.3 (3.3) 27.8 (1.8) 31.0 0.107

40.5 50.0 22.2 No 0.143

90.5 94.4 100.0 Yes <0.001

50.0 50.0 88.9 Yes 0.101

0.024 0.33 0.33 Yes 0.846

35.7 77.8 100.0 yes 0.439

38(90) 11 (61) 3(33) 0 0.485

3 (7) 4 (22) 5(56) 0 0.368

1 (3) 3 (17) 1 (11) 1 0.585

14 (33) 10 (56) 8 (89) 1 0.300

obin; HOMA%b, homeostasis model assessment of b-cell function; HOMA%S,
es; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
ght (m)2.
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Characteristics Female

Total
(n = 432)

FINDRISC0–
7 (n = 294)

FINDRISC8–
10 (n = 70)

FINDRISC11–
14 (n = 47)

FINDRISC15–
20 (n = 21)

FINDRISC21–
26 (n = 0)

Total
(n = 281)

FINDRISC0–
7 (n = 211)

Blood tests (±)

FBG (mmol/L) 5.1 (1.1) 4.9 (0.7) 5.2 (0.8) 5.9 (1.9) 6.6 (1.9) 0 4.9 (1.1) 4.8 (0.9)

2h OGTT (mmol/L) 5.9 (2.6) 5.3 (1.5) 6.3 (2.8) 7.2 (3.8) 9.3 (5.5) 0 5.8 (2.6) 5.5 (2.1)

HbA1c (%) 5.8 (0.7) 5.6 (0.5) 5.9 (0.4) 6.2 (1.0) 6.8 (1.3) 0 5.8 (0.7) 5.8 (0.6)

Fasting serum insulin,

mmol/L

22.7 (26.8) 18.5 (22.4) 27.6 (29.5) 37.0 (33.9) 32.3 (36.5) 0 13.7 (20.9) 11.1 (18.3)

HOMA%b 104.1 (80.9) 102.9 (75.0) 114.5 (98.1) 106.2 (99.4) 83.7 (68.4) 0 87.5 (71.4) 86.1 (71.1)

HOMA%S 260.2

(221.0)

262.3 (222.3) 245.3 (221.8) 268.9 (210.8) 259.5 (210.3) 0 320.9

(225.0)

330.0 (226.1)

HOMA-IR 1.2 (1.2) 1.1 (1.2) 1.3 (1.4) 1.2 (1.5) 0.9 (0.8) 0 0.9 (1.0) 0.8 (1.0)

TC (mmol/L) 4.7 (0.9) 4.5 (0.8) 5.0 (1.0) 4.9 (0.9) 5.2 (1.1) 0 4.6 (0.9) 4.5 (0.9)

TG (mmol/L) 1.3 (1.3) 1.1 (0.9) 1.5 (0.9) 1.7 (1.4) 2.9 (3.6) 0 1.7 (2.0) 1.5 (1.5)

HDL-C (mmol/L) 1.4 (0.3) 1.4 (0.3) 1.3 (0.3) 1.3 (0.2) 1.1 (0.3) 0 1.2 (0.3) 1.3 (0.3)

LDL-C (mmol/L) 2.5 (0.7) 2.4 (0.6) 2.8 (0.7) 2.7 (0.7) 2.9 (0.7) 0 2.5 (0.7) 2.5 (0.7)

Anthropometrics (±)

SBP (mmHg) 123.2 (19.0) 118.9 (17.2) 129.7 (17.2) 134.2 (20.6) 136.9 (22.1) 0 123.2 (15.4) 121.8 (14.7)

DBP (mmHg) 78.9 (10.3) 76.8 (9.7) 81.4 (10.5) 84.9 (8.1) 86.5 (11.2) 0 81.8 (9.7) 80.7 (9.6)

Height (cm) 157.7 (5.3) 157.9 (5.3) 156.7 (4.9) 157.6 (5.7) 158.4 (5.7) 0 168.5 (5.9) 168.3 (6.1)

Weight (kg) 58.4 (9.4) 55.2 (7.2) 62.3 (9.1) 66.9 (11.0) 70.3 (6.2) 0 68.0 (12.0) 65.1 (11.0)

FINDRISC score (±) 5.8 (4.4) 3.3 (2.3) 8.8 (0.8) 11.9 (1.1) 16.2 (1.5) 0 5.0 (4.1) 3.1 (2.2)

Age, years 45.1 (11.4) 42.5 (11.2) 51.0 (9.8) 50.0 (10.5) 50.0 (7.8) 0 45.4 (10.9) 45.2 (11.1)

Waist circumference,

cm

77.9 (10.4) 73.9 (7.8) 83.2 (10.3) 89.1 (9.7) 90.8 (5.9) 0 83.2 (10.0) 80.5 (9.2)

BMI, kg/m2 23.3 (4.0) 22.2 (2.6) 25.3 (3.2) 26.8 (3.4) 28.1 (2.7) 0 23.2 (5.5) 22.9 (3.4)

Physical activity ≥ 30

min/d, %

69.0 69.0 72.9 66.0 61.9 0 63.7 71.6

Consume fruits and

vegetables daily, %

96.5 96.9 97.1 95.7 90.5 0 92.5 92.4

History of

hypertension, %

22.0 10.9 48.6 31.9 66.7 0 24.9 14.7

History of high glucose,

%

7.4 0.01 0.07 23.4 57.1 0 4.3 0.005

Family history of

diabetes, %

23.4 12.6 28.6 55.3 85.7 0 18.1 0.06

Outcomes (%)

Non-T2DM 372 (86) 273 (93) 59 (84) 28 (60) 12 (57) 0 239 (85) 187(89)

Prediabetes 36 (8) 17 (6) 6 (9) 11 (23) 2 (10) 0 29 (10) 17 (8)

T2DM 24 (6) 4 (1) 5 (7) 8 (17) 7 (33) 0 13 (5) 7 (3)

The metabolic

syndrome (MS)

110 (25) 33 (11) 32 (46) 29 (62) 16 (76) 0 62 (22) 29 (14)

Data were given by mean (SD). FBG, fasting blood glucose; 2h OGTT, 2-h plasma glucose in the 75 g oral glucose tolerance test; HbA1c, glycated hemogl
homeostasis model assessment of insulin sensitivity; HOMA-IR, homeostasis model assessment of insulin resistance; TC, total cholesterol; TG, total triglycerid
cholesterol; H-CRP, hypersensitive C-reactive protein; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; BMI= Body Mass Index, Weight (kg)/he
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optimal cut-off point according to the Youden’s index was 11,
while adding 2hPG to the FINDRISC model led its cut-off point
to decrease to eight. In contrast, the optimal cut-off point for the
metabolic syndrome was seven, with a sensitivity and specificity
of 74.4% and 76.3%, respectively. For female and male subjects,
the optimal cut-off was the same as that for the overall population.
DISCUSSION

The metabolic syndrome is a cluster of insulin resistance and
disturbed glucose metabolism, overweight and abdominal fat
distribution, dyslipidemia, and high blood pressure, and
commonly occurs in the majority of patients with prediabetes or
T2DM (12). Approximately 25% of adults worldwide are estimated
to have the metabolic syndrome (22). In addition, patients with the
metabolic syndromes have a 5-fold higher risk of developing T2DM
than those with the normal metabolic syndrome (13). A study (23)
reported that the FINDRISC assessment model exhibited a good
ability to predict the metabolic syndrome in a cohort of first-degree
relatives of T2DM patients, with an AUC value of 65%. In this
study, the prevalence of the metabolic syndrome increased with
increasing FINDRISCs. Several cross-sectional studies have assessed
the FINDRISC model as a screening tool for the metabolic
syndrome. The lipid metabolic indicators (blood pressure, FBG,
Frontiers in Endocrinology | www.frontiersin.org 6205
TC, TG, HDL-C, and LDL-C) were found to be significantly related
to the FINDRISC model, which are common risk factors for T2DM
(24). This finding indicated that the FINDRISC model could be
used for undiagnosed T2DM screening in this cohort. This in turn
revealed that a non-invasive screening tool combined with a
relatively inexpensive and feasible biochemical marker was a
better tool to identify subjects with T2DM, as opposed to a
cluster of clinical and biochemical markers for diagnosing the
metabolic syndrome (24).

In 2009, Chien (25) used a Cox regression analysis to establish
a risk scoring model for T2DM, namely the Taiwan model of
China. A total of 2960 subjects aged over 35 years with a 10-year
follow-up were selected for this cohort study. Risk factors in this
invasive model included TG, HDL-C, FBG, and white blood cell
levels. The AUC-ROC value for this model was 0.70. In 2012, a
Chinese population (26) was used to test several domestic and
foreign T2DM evaluation models, including the FINDRISC and
Framingham models. It was found that the Taiwan model of
China had the highest predictive efficiency among all models,
with AUC-ROC values of 0.75 among all models; these were
similar to the AUC-ROC values (0.704 to 0.785) found using the
FINDRISC model in this study.

Several diabetes risk-score models have been developed to
predict the risk of T2DM. These models can be used in clinical
practice to identify people at high risk of T2DM, and to guide
clinical treatment (17). However, it is still not clear whether these
models can be applied in local populations. The incidence and risk
factors of T2DM in a population determine the suitability of a risk
score. Some models developed in a particular population always do
not perform well in other populations. There have been extensive
studies on risk scores that have been developed specifically in
Chinese settings. Mao (27) evaluated the performance of The
New Chinese Diabetes Risk Score (NCDRS) model in detecting
undiagnosed diabetes and prediabetes among 7,675 community
residents in Jiangsu Province. The results showed that the
participants with undiagnosed diabetes reported the highest
NCDRS value, and the best cut-off points of NCDRS for detecting
undiagnosed diabetes and prediabetes were 27. Their results
indicated the excellent performance of NCDRS in screening
undiagnosed diabetes in Jiangsu Province, and further provide
evidence for using NCDRS in detecting prediabetes. Zhang (28)
developed and validated a prediction model for T2DM (Chinese
risk model) in a cohort of rural adult Chinese population. With the
validation dataset, the performance of this model was superior to
the FINDRISC and the other models of T2DM risk, which was
widely applicable for predicting 6-year risk of T2DM in a rural adult
Chinese population.
TABLE 4 | Pearson’s correlation analysis between FINDRISC and variables.

Variable Pearson’s coefficient (r) p value

Height -0.041 0.281
Weight 0.446 <0.001
Systolic blood pressure 0.343 <0.001
Diastolic blood pressure 0.300 <0.001
FBG 0.356 <0.001
2hPG 0.361 <0.001
HbA1c 0.358 <0.001
Fasting serum insulin 0.219 <0.001
HOMA%b 0.040 0.372
HOMA%S -0.018 0.677
HOMA-IR 0.017 0.701
TC 0.276 <0.001
TG 0.281 <0.001
HDL-C -0.211 <0.001
LDL-C 0.238 <0.001
FBG, fasting blood glucose; 2hPG, 2-h plasma glucose; HOMA%b, homeostasis model
assessment of b-cell function; HOMA%S, homeostasis model assessment of insulin
sensitivity; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; HbA1c, glycated hemoglobin; TG, triglycerides; TC, total cholesterol.
Bold P values indicate a significant difference.
TABLE 3 | Risk levels of FINDRISC by sex.

Female Male Total P value

Risk Score N % N % N % 0.067
Very low risk < 7 260 60 197 70 457 64
Low risk 7–11 126 29 68 24 194 27
Moderate risk 12–14 25 6 6 2 31 4
High risk 15–20 20 4.6 9 3 29 4
Very high risk ≥ 20 1 0.4 1 1 2 1
Februa
ry 2022 | Volume 13 | Article
The bold P value (0.067) indicates that there was no significant difference between men and women in terms of their risk of developing T2DM.
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The FINDRISC was originally developed in a prospective
cohort to identify individuals at high risk of developing T2DM
(29). Previous studies have analyzed the performance of
FINDRISCs for the detection of undiagnosed T2DM (30). The
FINDRISC model has been verified in several Western
populations for T2DM screening (31–34). These results
showed that the optimal cut-off points ranged widely from 9
(29) to 15 (33). To date, only four studies have evaluated the use
of FINDRISC in Asian populations, including populations in the
Philippines, Malaysia, Mongolia, and India (35–38). All of these
results suggest that the FINDRISC has a good performance for
T2DM screening in the Asian population. However, there was no
publication, if any, which focused on the validation of the
FINDRISC for the screening of T2DM in a Chinese population.

It has been reported that the performance of a diabetes risk
score can be improved by adding biochemical markers (39). The
HbA1c test is a more convenient screening method than FBG and
Frontiers in Endocrinology | www.frontiersin.org 7206
2hPG, which does not require fasting, and may not be influenced
by day-to-day variations (40). HbA1c was used to monitor
glycemic control in diabetic patients as it can reflect the average
blood glucose levels over 2–3 months (41). However, some studies
have shown that there is poor concordance between HbA1c and
FBG or 2hPG during an OGTT, which are the most widely
accepted glucose-based methods for diagnosing T2DM. Several
studies (40, 42) employed the WHO diabetes diagnostic criteria
or only FBG values in the FINDRISC assessment model among
other populations. With the introduction of HbA1c as a
diagnostic criterion by the ADA guidelines in 2009, studies
evaluating the performance of the FINDRISC model by using
HbA1c as the gold standard showed good results, with AUC-ROC
values ranging from 0.72 to 0.81 (43–45). A previous study (45)
used FBG, 2hPG, or HbA1c as the diagnostic criteria in their
FINDRISC assessment model. The results showed a higher
sensitivity (75% in men vs. 72% in women) and AUC-ROC
TABLE 6 | FINDRISC area under ROC curve (AUC) for identifying T2DM.

AUC (95% CI) Sensitivity Specificity Youden’s index Cut-off p

FINDRISC (both sexes) 0.708 (0.639–0.776) 44.6% 90.1% 0.347 11 <0.001
FINDRISC (male) 0.625 (0.508–0.742) 31.0% 92.5% 0.235 11 0.028
FINDRISC (female) 0.761 (0.683–0.840) 53.3% 88.6% 0.420 11 <0.001
FBG (both sexes) 0.785 (0.671–0.899) 65.2% 88.1% 0.533 11 <0.001
FBG (male) 0.482 (0.232–0.733) 0.881
FBG (female) 0.858 (0.753–0.964) 72.7% 88.1% 0.609 11 <0.001
HbA1c (both sexes) 0.704 (0.627–0.780) 45.9% 89.6% 0.355 11 <0.001
HbA1c (male) 0.653 (0.532–0.773) 34.6% 92.3% 0.270 11 0.01
HbA1c (female) 0.745 (0.649–0.841) 54.3% 87.9% 0.422 11 <0.001
2hPG (both sexes) 0.731 (0.619–0.843) 69.0% 72.7% 0.416 8 <0.001
2hPG (male) 0.597 (0.380–0.813) 0.258
2hPG (female) 0.823 (0.730–0.916) 82.4% 70.7% 0.531 8 <0.001
MS (both sexes) 0.805 (0.767–0.844) 74.4% 76.3% 0.508 7 <0.001
MS (male) 0.757 (0.683–0.830) 62.9% 79.5% 0.424 7 <0.001
MS (female) 0.830 (0.788–0.872) 80.9% 74.2% 0.551 7 <0.001
February 2022 | V
olume 13 | Article
FBG, fasting blood glucose; 2hPG, 2-h plasma glucose; HbA1c, glycated hemoglobin; MS, the metabolic syndrome.
TABLE 5 | Multivariable linear regression of FINDRISC .

Variable b Sb b’ t p

Constants -20.439 5.201 – -3.930 <0.0001
Height 0.008 0.031 0.015 0.261 0.794
Weight 0.056 0.035 0.146 1.622 0.105
Systolic blood pressure 0.010 0.012 0.043 0.807 0.420
Diastolic blood pressure 0.010 0.020 0.025 0.488 0.626
FBG 0.423 0.273 0.074 1.549 0.122
2hPG 0.302 0.083 0.160 3.620 <0.0001
HbA1c 0.255 0.329 0.036 0.777 0.438
Fasting serum insulin 0.003 0.017 0.007 0.181 0.856
HOMA%b 0.000415 0.004 0.008 0.097 0.923
HOMA%S 0.000375 0.001 0.020 0.395 0.693
HOMA-IR 0.066 0.281 0.018 0.236 0.813
TC 0.440 0.462 0.093 0.954 0.341
TG 0.000480 0.157 0.000159 -0.003 0.998
HDL-C -0.425 0.742 -0.026 -0.574 0.567
LDL-C -0.362 0.548 -0.056 -0.660 0.510
Dependent variable: FINDRISC score; R2 = 0.527; F = 27.287, p < 0.0001
FBG, fasting blood glucose; 2hPG, 2-h plasma glucose; HOMA%b, homeostasis model assessment of b-cell function; HOMA%S, homeostasis model assessment of insulin sensitivity;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; HbA1c, glycated hemoglobin; TG, triglycerides; TC, total cholesterol.
Bold text indicates a significant difference.
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value (0.75) than other studies that used 2hPG and/or FBG
criteria. In contrast, two studies (15, 29) reported a higher
AUC-ROC value than Zhang’s study, which used 2hPG and/or
FBG as the diagnostic criteria. Similarly, Costa (46) conducted a
study to detect undiagnosed T2DM using FBG, 2hPG, and
HbA1c alone instead of using combinations of these criteria.
Their results suggested that 2hPG and FBG had better
discriminatory power than HbA1c, which is in agreement with
the observations in this study. In this study, FBG, 2hPG, and
HbA1c levels were used as diagnostic criteria. Based on FBG or
HbA1c criteria, 11 was the optimal cut-off point for identifying
individuals with undiagnosed T2DM, while the optimal cut-off
point was eight based on 2hPG criteria. Among these criteria,
Frontiers in Endocrinology | www.frontiersin.org 8207
FBG displayed the best performance in screening for undiagnosed
T2DM in the overall population, with an AUC-ROC value of
0.785, followed by 2hPG and HbA1c criteria, with AUC-ROC
values of 0.731 and 0.704, respectively. The cut-off points using
FBG or HbA1c were higher than those reported in European
studies (15, 31, 34, 47). The studies used a value ≥ 9 as the best
cut-off point without incorporating the peaks of the ROC curve,
where the sum of the sensitivity and specificity is at maximum. In
addition, all these diagnostic criteria performed better at
screening for undiagnosed T2DM among the female population
than for the overall population. However, FINDRISCs with 2hPG
and FBG failed to screen for undiagnosed T2DM among the
male population.
FIGURE 2 | FINDRISC area under ROC curve (AUC) for identifying T2DM in male populations.
FIGURE 1 | FINDRISC area under ROC curve (AUC) for identifying T2DM in female populations.
February 2022 | Volume 13 | Article 725314
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The discriminatory accuracy in identifying subjects with
diabetes of the original FINDRISC questionnaire was similar to
that of the metabolic syndrome; however, the FINDRISCmodel is
much easier to perform, as it did not require invasive testing.
Despite the different performance when using different diagnostic
criteria, the findings in this study indicated that the FINDRISC
could be used as an initial screening tool to help clinicians identify
patients at high risk of T2DM. In addition, FINDRISC with FBG
and a cut-off point of 11 had a higher discriminative power for
screening T2DM compared to 2hPG and HbA1c. To the best of
our knowledge, this study is the first to assess the applicability of
the FINDRISC model in a Chinese population. Even though the
metabolic syndrome showed a better performance than using the
FINDRISC screening model, adding FBG or 2hPG significantly
increased the discriminative power of the FINDRISC. However,
this study had several limitations. First, in this project, the sample
size was relatively small, which was calculated based primarily on
outpatients with risk factors who visited the hospital during the
period from July 2019 to March 2020. The reason why the
morbidity of this population is lower than that of Chinese
population should be caused by insufficient sample size and
population selection, which needs to be further proved by
subsequent experiments. Further studies with larger sample
sizes are needed to include conclusive data for clinical practice.
Second, as participants were recruited from the districts in the
metropolitan area of Shanghai, the results may not be applicable
to the rest of the population of China.
CONCLUSION

In this study, we tried first to measure the FINDRISC model’s
performance in predicting current glucose disorders, and then to
compare the results based on different sets of diagnostic criteria,
which is one of the strengths of this study. According to our
findings, the simple scoring model is less sensitive to the
Frontiers in Endocrinology | www.frontiersin.org 9208
prediction of T2DM. Only when FBG or 2hPG was introduced,
the prediction sensitivity of the model increased. It seems that
the application of FINDRISC to predict T2DM might be less
important. However, it is worth noting that including FPG, 2hPG,
and HbA1c levels into the model introduces a bias, as these
parameters are commonly used for the diagnosis of T2DM itself,
which could falsely increase the discriminative power of this
risk model. Nevertheless, a non-invasive screening tool with a
relatively inexpensive and feasible biochemical marker is a better
tool to identify subjects with diabetes than a cluster of clinical
and biochemical markers. Hence, our findings may prompt
the application of T2DM in a two-step model among the
Chinese population.
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