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Abstract

Aim

The present study evaluated the relative influence of body mass index (BMI) on insulin resis-

tance (IR), first-phase insulin secretion (FPIS), second-phase insulin secretion (SPIS), and

glucose effectiveness (GE) at a fixed fasting plasma glucose level in an older ethnic Chinese

population.

Methods

In total, 265 individuals aged 60 years with a fasting plasma glucose level of 5.56 mmol/L

were enrolled. Participants had BMIs of 20.0–34.2 kg/m2. IR, FPIS, SPIS, and GE were esti-

mated using our previously developed equations. Pearson correlation analysis was con-

ducted to assess the correlations between the four diabetogenesis factors and BMI. A

general linear model was used to determine the differences in the percentage of change

among the four factor slopes against BMI.

Results

Significant correlations were observed between BMI and FPIS, SPIS, IR, and GE in both

women and men, which were higher than those reported previously. In men, BMI had the

most profound effect on SPIS, followed by IR, FPIS, and GE, whereas in women, the order

was slightly different: IR, followed by FPIS, SPIS, and GE. Significant differences were

observed among all these slopes, except for the slopes between FPIS and SPIS in women

(p = 0.856) and IR and FPIS in men (p = 0.258).
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Conclusions

The contribution of obesity to all diabetes factors, except GE, was higher than that reported

previously. BMI had the most profound effect on insulin secretion in men and on IR in

women in this 60-year-old cohort, suggesting that lifestyle modifications for obesity reduc-

tion in women remain the most important method for improving glucose metabolism and pre-

venting future type 2 diabetes mellitus.

Introduction

Increased insulin resistance (IR) and deteriorated insulin secretion (ISEC) are considered to

be the main mechanisms in type 2 diabetes mellitus (T2DM) development [1]. Evidence has

indicated that increased β-cell function maintains the glucose equilibrium in individuals

with increased IR [2]. However, overt diabetes eventually develops after the failure of β-cell

secretion compensation [1, 2]. Even in the stage of clinically evident diabetes, satisfactory

glycemic control can be maintained through lifestyle modifications and medication use,

which can improve both IR and β-cell function. However, ISEC consists of two phases: first-

phase insulin secretion (FPIS) and second-phase insulin secretion (SPIS) [3, 4]. No direct

evidence has supported the aforementioned observation because FPIS disappears early in the

prediabetes stage; therefore, SPIS must be responsible for glucose control under oral medica-

tions [5].

Glucose clearance from the circulatory system to the muscles, liver, and fat tissues occurs

through two pathways: insulin- and non-insulin-mediated glucose uptake. Non-insulin-medi-

ated glucose uptake is also referred to as glucose effectiveness (GE), which represents the abil-

ity of glucose to increase its own cellular uptake and restrain its endogenous hepatic output

under basal insulin levels. Best et al. reported that GE accounts for 66% of glucose metabolism

in healthy individuals but provides 99% of glucose metabolism in patients with T2DM due to

high IR and severe insulin deficiency [6]. Therefore, the deterioration of GE has been argued

to play a significant role in the occurrence of T2DM [7]. However, very few studies to date

have focused on the importance of GE [6]. Therefore, in this study we proposed that IR, GE,

FPIS, and SPIS are the four most important factors for diabetes development and control,

referred to as diabetogenesis factors (DFs).

Obesity is positively related to high IR and contributes to high β-cell function [8–10]. This

increased β-cell mass and resulting increased ISEC might be because of the compensatory

reaction to high IR [11, 12]. This aspect of diabetes pathophysiology has been studied quite

extensively. However, the effects of obesity on GE or different ISEC stages remain undeter-

mined. For example, Lopez et al. reported that GE deteriorates as body mass index (BMI)

increases in nondiabetic individuals, whereas Healy et al. reported contrasting findings [13,

14].

The national health insurance policy in Taiwan has caused a continuous increase in the

average life expectancy. Officially, Taiwan became an aging society in 2014, with 11.7% of the

population aged more than 65 years [15], which has resulted in a simultaneous rise in T2DM

prevalence. Therefore, understanding T2DM pathophysiology is increasingly important.

In the present study, IR, FPIS, SPIS, and GE were examined in the same individuals to eval-

uate the effects of BMI on the four DFs in the older population. Age and blood glucose levels

also affect these four DFs; therefore, we only enrolled individuals with the same age (60 years)

and fasting plasma glucose (FPG) level (5.56 mmol/L) to investigate the actual relationships.

BMI and diabetes factors
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Materials and methods

2.1. Ethics

The subjects of the current study were enrolled form the data bank of Meei-Jaw (MJ) Health

Screening Centers and Cardinal Tien Hospital data access center between 1999 and 2008. All

study subjects were anonymous, and informed consent was obtained prior to participation.

These data do not contain potentially identifying or sensitive patient information, data are not

owned by a third-party organization. The study proposal was reviewed and approved by the

institutional review board of MJ Health Screening Center joint of Cardinal Tien Hospital

before the study began. The contact information for the Cardinal Tien Hospital Data Access

Committee is +88622219331.

2.2. Participants

The data on the individuals enrolled in the current study were obtained from the databank of

the Meei-Jaw (MJ) Health Screening Center for 1999–2008. All study participants remained

anonymous, and informed consent was obtained prior to participation. The study proposal

was reviewed and approved by the Institutional Review Board of MJ Health Screening Center

before the study began. In total, 265 individuals with the same FPG level (5.56 mmol/L) and

age (60 years) were enrolled to eliminate the profound effects of age and glucose metabolism.

Under these criteria, BMI ranged from 20.0 to 34.2 kg/m2. The participants had no other sig-

nificant diseases, no history of diabetes or diabetic ketoacidosis, and did not use any medica-

tion known to influence insulin sensitivity or β-cell function (including oral

antihyperglycemic agents) during the study period. BMI was calculated as body weight (kg)/

height (m2). Waist circumference (WC) was measured horizontally at the level of the natural

waist, which was identified as the level at the hollow molding of a laterally concave trunk. Sys-

tolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured in the right arm

of seated individuals by using a standard mercury sphygmomanometer. Blood samples were

drawn from the antecubital vein for biochemical analysis.

2.3. Calculations of IR, FPIS, SPIS, and GE

IR, FPIS, SPIS, and GE were estimated using our previously developed equations, listed as

follows:

IR: (1.439 + 0.018 × sex– 0.003 × age + 0.029 BMI– 0.001 × SBP + 0.006 DBP + 0.049 × TG–

0.046 × HDL-C– 0.016 × FPG) × 103.333 [16];

log (FPIS) = 1.477–0.119 × FPG + 0.079 × BMI– 0.523 × HDL-C [17];

log (SPIS) = -2.400–0.088 × FPG + 0.072 × BMI [18]; and

GE = (29.196 − 0.103 × age − 2.722 × TG − 0.592 × FPG) × 10−3[19], where HDL-C and TG

represent high-density lipoprotein cholesterol and triglycerides, respectively.

2.4. Laboratory evaluation

After 10-hour overnight fasting, blood samples were collected from each individual for further

analysis. The plasma was separated from the whole blood within 1 hour and stored at −70˚C.

FPG and plasma lipid levels were measured subsequently. The glucose oxidase method (YSI

203 glucose analyzer; Scientific Division, Yellow Springs Instruments, Yellow Springs, OH,

USA) was used to determine FPG levels. The dry, multilayer analytical slide method with the

BMI and diabetes factors
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Fuji Dri-Chem 3000 analyzer (Fuji Photo Film, Minato-Ku, Tokyo, Japan) was used to deter-

mine total cholesterol and triglyceride (TG) levels. An enzymatic cholesterol assay following

dextran sulfate precipitation was used to determine serum HDL-C and low-density lipoprotein

cholesterol (LDL-C) levels.

2.5. Statistical analysis

Data are represented as means ± standard deviations. The Student t test was used to evaluate

the differences of continuous data between men and women. One-way analysis of variance

was used to assess differences in the demographic data, clinical parameters, and DFs among

the normal, overweight, and obese groups. The Bonferroni test was used for post hoc analysis.

The correlations between the BMI and DFs were evaluated by Pearson correlation analysis.

Because the units and scales for these four lines were different, it was difficult to construct all

four slopes in one figure. To resolve this problem, we transformed the absolute units into rela-

tive units, which represent the percentage of changes in that particular DF, rather than plotting

each parameter against the BMI using the original units (e.g., μU/min for FPIS). For example,

the lowest and highest values of FPIS (6.06 and 899.10 μU/min, respectively) were regarded as

0% and 100%, respectively. Notably, this transformation did not change the r values of each

slope. Other FPIS values were calculated using the following equation:

Percentage of changes in the FPIS value = [(899.1 –the value)/(899.1–6.06)]/100

Similar methods were used to assess the slopes between BMI and IR, GE, and SPIS to com-

pare the changes in the data across the same range of FPG levels. A general linear model was

used to determine the differences among the four slopes against the BMI. All statistical tests

were two-sided, and p< 0.05 was considered statistically significant. Statistical analysis was

performed using SPSS 10.0 for Windows (SPSS, Chicago, IL, USA).

Results

In total, 122 men and 143 women were enrolled in this study. Table 1 presents the demo-

graphic characteristics, biochemical data, and DFs. Notably, men had higher WC and higher

FPIS but lower HDL-C levels than women.

Table 1. Demographic characteristics and indices of glucose metabolism in all participants with or without metabolic syndrome.

Women Men p value

N 143 122

Body mass index (kg/m2) 23.9 ± 2.5 23.9 ± 2.3 1.000

Waist circumference (cm) 75.7 ± 6.7 84.1 ± 7.8 <0.001

Body fat (%) 32.3 ± 4.8 22.4 ± 4.6 <0.001

SBP (mmHg) 128.6 ± 21.6 126.1 ± 16.9 0.516

DBP (mmHg) 75.0 ± 12.0 76.6 ± 11.7 0.443

Triglyceride (mmol/L) 1.4 ± 0.8 1.4 ± 0.7 0.503

HDL-cholesterol (mmol/L) 1.6 ± 0.3 1.3 ± 0.3 <0.001

Total cholesterol (mmol/L) 5.6 ± 0.9 5.2 ± 1.0 0.002

FPIS (μU/min) 98.9 ± 82.1 128.4 ± 85.4 0.004

SPIS (pmol/mmol) 0.075 ± 0.041 0.074 ± 0.033 0.803

IR (10−4 min−1 pmol−1 L−1) 3.68 ± 0.02 3.69 ± 0.02 0.535

GE (10−2 dL min−1 kg−1) 0.016 ± 0.002 0.015 ± 0.0022 0.509

SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high density lipoprotien; FPIS, first phase insulin secretion; SPIS, second phase insulin secretion; IR,

insulin resistance; GE, glucose effectiveness. Data are presented as mean ± SD

https://doi.org/10.1371/journal.pone.0189115.t001
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Table 2 shows the changes in the studied parameters in normal, overweight, and obese

groups. The obese group had the highest WC, IR, FPIS, and SPIS. The overweight group had

higher WC, FPIS, SPIS, and IR than the normal group. However, obese women had higher TG

but lower HDL-C levels and GE than normal women.

Table 3 presents the correlations between the BMI and DFs. These correlations were signifi-

cant in both men and women. Fig 1 and Fig 2 present the most important result of the present

study: the comparison of the slopes of the BMI and the four DFs in women and men,

Table 2. Comparison of the demographic characteristics and indices of glucose metabolism in different groups.

Normal group Overweight group Obese group

Women

N 80 45 18

BMI (kg/m2) 22.2 ± 1.22,3 25.3 ± 0.81,3 28.5 ± 1.81,2

Waist circumference (cm) 72.2 ± 4.72,3 77.6 ± 4.11,3 86.5 ± 6.21,2

SBP (mmHg) 126.5 ± 21.0 129.2 ± 19.7 131.1 ± 16.1

DBP (mmHg) 74.2 ± 12.4 76.2 ± 12.1 75.6 ± 10.5

Triglyceride (mmol/L) 1.2 ± 0.73 1.5 ± 0.8 1.7 ± 0.81

HDL-cholesterol (mmol/L) 1.6 ± 0.33 1.6 ± 0.4 1.3 ± 0.21

Total cholesterol (mmol/L) 5.6 ± 0.9 5.6 ± 0.7 5.5 ± 1.1

FPIS (μU/min) 58.6 ± 27.12,3 106.8 ± 5 0.61,3 257.9 ± 108.21,2

SPIS (pmol/mmol) 0.052 ± 0.0102,3 0.086 ± 0.0121,3 0.153 ± 0.0611,2

IR (10−4 min−1 pmol−1 L−1) 3.67 ± 0.022,3 3.69 ± 0.021,3 3.71 ± 0.011,2

GE (10−2 dL min−1 kg−1) 0.016 ± 0.0023 0.016 ± 0.002 0.015 ± 0.0021

Men

N 64 44 14

BMI (kg/m2) 22.2 ± 1.12,3 25.1 ± 0.81,3 28.5 ± 1.21,2

Waist circumference (cm) 79.2 ± 4.92,3 87.3 ± 5.51,3 96.5 ± 5.71,2

SBP (mmHg) 123.4 ± 15.8 130.3 ± 17.9 125.9 ± 17.1

DBP (mmHg) 74.9 ± 10.5 79.3 ± 13.3 76.2 ± 10.5

Triglyceride (mmol/L) 1.3 ± 0.7 1.6 ± 0.7 1.4 ± 0.6

HDL-cholesterol (mmol/L) 1.3 ± 0.3 1.2 ± 0.4 1.3 ± 0.3

Total cholesterol (mmol/L) 5.2 ± 1.0 5.2 ± 0.9 5.6 ± 1.1

FPIS (μU/min) 79.1 ± 30.42,3 153.2 ± 60.81,3 257.9 ± 117.01,2

SPIS (pmol/mmol) 0.052 ± 0.0092,3 0.083 ± 0.0111,3 0.148 ± 0.0301,2

IR (10−4 min−1 pmol−1 L−1) 3.67 ± 0.022,3 3.69 ± 0.011,3 3.71 ± 0.011,2

GE (10−2 dL min−1 kg−1) 0.016 ± 0.002 0.015 ± 0.002 0.016 ± 0.002

Normal = 18.5� BMI < 24; overweight = 24� BMI < 27; obese = BMI� 27. BMI = body mass index; HDL = high-density lipoprotein; FPIS = first-phase insulin

secretion; SPIS = second-phase insulin secretion; IR = insulin resistance; GE = glucose effectiveness. Data are presented as means ± SDs. 1 p< 0.05 to normal group;

2p< 0.05 to overweight group; 3p< 0.05 to obese group.

https://doi.org/10.1371/journal.pone.0189115.t002

Table 3. The correlations between the body mass index and diabetes factors.

FPIS SPIS IR GE

Women 0.813 0.926 0.730 -0.203

Men 0.795 0.966 0.780 -0.204

FPIS = first-phase insulin secretion; SPIS = second-phase insulin secretion; IR = insulin resistance; and GE = glucose

effectiveness. Data are presented as r values; all p < 0.001.

https://doi.org/10.1371/journal.pone.0189115.t003
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respectively. As mentioned previously, these slopes were obtained by transforming the abso-

lute units into relative units (% changes) before comparison. In men, BMI had the most pro-

found effect on SPIS, followed by IR, FPIS, and GE, whereas in women, the order was slightly

different: IR, followed by FPIS, SPIS, and GE. However, a significant difference was observed

between all these slopes, except for the slopes between FPIS and SPIS in women (p = 0.856)

and IR and FPIS in men (p = 0.258). The relevant data (1061012-MJ-BMI) is shown in S1 File.

All relevant results are within the paper and its Supporting Information files.

Discussion

Age and FPG levels affect all DFs; therefore, they were included as confounding factors. The

present study specifically enrolled individuals with the same age (60 years) and FPG level (5.56

mmol/L) to avoid these effects. Therefore, we evaluated the pure effect of BMI on these four

DFs. Our results demonstrate that IR, FPIS, and SPIS are highly correlated with BMI com-

pared with the findings of previous studies, suggesting that the contribution of obesity to FPIS,

SPIS, and IR is more important than generally expected. In addition, the present results dem-

onstrate that the contributions of the four DFs differ between women and men. In women, IR

was most strongly correlated with BMI, followed by FPIS, SPIS, and GE. However, the order

changed to SPIS, IR, FPIS, and GE in men. Our results not only improve understanding of

T2DM pathophysiology but also can be applied in the clinical prevention and management of

T2DM.

The study individuals with the same FPG level were categorized into normal, overweight,

and obese groups. In addition, the clinical parameters and DFs were compared among the

Fig 1. Slopes of insulin resistance, first-phase and second-phase insulin secretions, and glucose effectiveness against the body mass indices of women.

https://doi.org/10.1371/journal.pone.0189115.g001
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three groups. The results indicate that obesity has a significant influence on TG and HDL-C

levels in women but not in men, which can be attributed to the differences in the basic sex hor-

mone effects on the regulation of lipid metabolism [20, 21] and the diversity in insulin-medi-

ated free fatty acid and TG metabolisms between women and men [22]. Furthermore, FPIS,

SPIS, and IR increased markedly from the normal to overweight groups and further increased

from the overweight to obese groups (Table 2). However, GE did not change significantly in

men and decreased slightly from normal to obese women, indicating that the pure effect of

BMI on GE is minor in both women and men (Table 1).

Increasing evidence has shown that obesity is the core contributor to IR [23–25]. BMI

reduction through lifestyle modifications can improve IR, which could reduce the incidence of

T2DM [23–25]. For the established T2DM individuals, improved IR is equivalent to appropri-

ate glucose control [23–25]. The relationship between BMI and IR has been studied extensively

in different ethnic groups. However, the range of r values was approximately 0.4–0.59 [9, 26–

28]. In the present study, the r value obtained using our previously derived equations was the

highest (r = 0.747, Table 3) compared with other studies [16]. This minor discrepancy in

results might be due to differences in genetic background, sample size, glucose levels, and

inclusion criteria, as well as BMI. The BMIs reported in previous studies are higher than that

reported in the present study (27–28 kg/m2 vs. 24.2 kg/m2). Notably, no previous studies have

used a cohort with the same age and FPG level. We believed that by fixing the range of these

two confounders, the true effect of BMI could be elucidated.

Obese individuals have higher β-cell function because they have higher cell mass than lean

individuals [27,29,30]. Hanley et al. conducted the frequently sampled intravenous glucose tol-

erance test (FSIGT) for FPIS measurement and reported that FPIS is only weakly associated

Fig 2. Slopes of insulin resistance, first-phase and second-phase insulin secretions, and glucose effectiveness against the body mass indices of men.

https://doi.org/10.1371/journal.pone.0189115.g002
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with BMI (r = 0.14) in nondiabetic individuals (age: 53–54 years, BMI: 28–30) [27]. Another

study used clamps to measure SPIS and revealed the same finding that BMI is correlated with

both FPIS and SPIS (r = 0.28 and 0.41, respectively) in Caucasians without diabetes [28]. How-

ever, this study was conducted on a younger cohort (BMI: 26–27, age 42–48 years). In accor-

dance with these studies, our findings demonstrate that FPIS is strongly correlated with BMI

(r = 0.796, p< 0.001).

The importance of SPIS remains unclear. The relative importance of ISEC and IR differs

between Caucasians and Asians [31]. For many Asian patients with diabetes, glucose can be

controlled satisfactorily for many years through oral hypoglycemic drugs. Because FPIS disap-

pears early in the prediabetes stage, it is reasonable to postulate that SPIS must be the most

important cause of glucose control before insulin injection. The present study successfully

demonstrates that, similar to FPIS, SPIS is correlated with BMI (r = 0.949, p< 0.001). This

relationship can be easily explained by the compensation ability of β-cells in response to

increasing IR [8, 9, 30, 32]. Notably, the r values in this study were also higher than those

reported in previous studies (0.01–0.1). Furthermore, old age, a highly homogeneous study

cohort, and a lower BMI could have contributed to this discrepancy in results. Therefore, addi-

tional studies are warranted to confirm our findings [9, 27, 30].

Although the effect of BMI on GE has been demonstrated in several studies, the results

remain controversial. In the present study, GE was negatively correlated with BMI (r = −0.232)

which is consistent with the results reported by Kautzky-Willer et al. and Lopes et al. [13, 33]

but not with those reported by Healy et al. [14]. By conducting the FSIGT for measuring GE in

white and African Americans, Healy et al. showed that no correlation was present in individu-

als with prediabetes. Plausible explanations for these inconsistent results include different eth-

nic populations, inclusion criteria, GE estimation methods, and the BMI (37.8 ± 6.3 kg/m2)

and young age (46.5 ± 11.2 years). In particularly, very few Chinese individuals have a compa-

rable BMI.

IR is likely the key factor explaining the relationship between BMI and GE. According to

the aforementioned discussion, the positive correlation between BMI and IR is confirmed

[27]. Furthermore, the results of our studies and Lopez et al. all indicate that IR is negatively

correlated with GE (r = −0.462, p< 0.001, and r = −0.69, p< 0.001, respectively) [13]. There-

fore, through IR, BMI is associated with GE. From a physiological perspective, substantial evi-

dence also supports our results. Obese individuals have higher IR and serum free fatty acids

[34, 35]. Hawkins et al. showed that increased free fatty acid levels can deteriorate GE in

T2DM [34, 35].

The risk, pathophysiology, and complications of T2DM differ between men and women

[36]. For instance, compared with men, women with diabetes tend to be older and have a

higher BMI [36–38]. The present study also investigated the differences in the aforementioned

relationships between men and women. Our initial analysis results demonstrate that both men

and women have similar r values derived from a simple correlation (Table 3). To further deter-

mine the relative contributions of BMI to the DFs, we transformed the absolute units to rela-

tive units (% changes) to compare the four slopes. Notably, after the transformation, the

relationships became different. In women, BMI has the most profound influence on IR, fol-

lowed by FPIS, SPIS, and GE. In men, the order changed to SPIS, IR, FPIS, and GE. These

observations were comparable with those reported in the study by Kautzky-Willer et al, in

which the association of BMI with β-cell function was sex-biased [39]. They revealed that

although the slopes of IR and BMI were similar in both men and women, ISEC had a steeper

increase in men than in women, indicating that men have a higher compensation capacity in

response to IR than women [39]. This phenomenon can also be explained by differences in sex

hormones, body fat composition, body fat distribution, and adipocytokines [36, 39].

BMI and diabetes factors
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The current study has some limitations. First, this is a cross-sectional study. Therefore, our

data are less persuasive than those of a longitudinal study. Second, family history of T2DM,

which is also a key factor for future diabetes development, was not evaluated in our established

equations. The inclusion of this factor in the equations might increase the accuracy of our fac-

tor measurements. Third, only Chinese individuals were enrolled in our study; therefore, our

study results should be applied with caution to other ethnic groups.

In conclusion, in men, BMI has the most profound effect on ISEC; however, in women, IR

is the most important DF. Although GE is least correlated with BMI, it is still significant.

Therefore, the role of GE should not be overlooked in this homogeneous cohort with the same

age and FPG level.
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