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INTRODUCTION 
 

The most prominent characteristic of Type 2 Diabetes 

(T2D) is the abnormally high plasma glucose levels 

(hyperglycemia), which can lead to complications 

including cardiovascular morbidity, renal impairment, 

retinopathy [1, 2]. The incidence of T2D is highly 

correlated with age [3, 4]. Absorption of plasma 

glucose by peripheral tissues requires insulin, which is 

secreted by β-cells in the pancreas [5]. β-cell 

dysfunction is well recognized to directly cause 

diabetes; lack of β-cell due to autoimmune disease is 

the major cause of type 1 diabetes (T1D) [6]. In T2D 

however, hyperglycemia is generally resulted from 

more complex factors including compromised function 

of  β-cells and impaired insulin response of peripheral  

 

tissues, all of which are attributes of aging [5, 7]. The 

human insulin is a peptide composed of 51 amino 

acids (AA) processed from a premature 86-AA peptide 

called proinsulin in β-cells [8, 9]. Proinsulin is 

synthesized in the endoplasmic reticulum (ER), then 

transported to Golgi apparatus where posttranslational 

modifications and maturation happen [10, 11]. The 

matured insulin is then secreted into the plasma via 

intracellular vesicles. A significant fraction of pro-

insulin in the plasma remain uncleared and their 

function remains currently unknown [12, 13]. Studies 

suggest that approximately 10–20% of the circulating 

IRI are proinsulin and proinsulin is cleared from the 

plasma slower than mature insulin [14, 15]. The 

proinsulin levels and the proinsulin to insulin ratio (P/I 

ratio) are increased during aging [16]. 
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ABSTRACT 
 

Proinsulin, insulin and proinsulin/insulin (P/I) ratio have been reported to be correlated with fasting plasma 
glucose (FPG) and Hemoglobin A1c (HbA1c) in whole population study therefore sensitive predictors of T2D 
progression. However, by analyzing data collected from 2018-2019 from a cohort of 1579 East Asian individuals 
from Hainan Province of China, we find that the associations of proinsulin, insulin and P/I ratio with diabetic 
indicators have distinct, sometimes opposite regression patterns in normal, prediabetic and diabetic subgroups. 
The strength of the associations are generally weak in normal and prediabetic groups, and only moderate in 
diabetic group between postprandial proinsulin and HbA1c, between postprandial insulin and FPG or HbA1c, 
and between postprandial P/I ratio and FPG or HbA1c. Receiver operating characteristic (ROC) curve analysis 
shows these parameters are weaker than age in predicting diabetes development, with P/I ratio being the 
weakest. Proinsulin and insulin levels are tightly associated with insulin sensitivity across all subgroups, as 
measured by Matsuda index. Together, our results suggest that proinsulin, insulin or P/I ratio are weak 
predictors of diabetes development in the whole population, urging the need for stratifying strategies and 
novel perspectives in evaluating and predicting hyperglycemia progression. 
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Hyperproinsulinemia, a term describing the abnormal 

elevation of plasma proinsulin levels, has been 

proposed to be a predictor of subsequent development 

of both type 1 and type 2 Diabetes [15, 17]. In type 2 

diabetes, the proinsulin levels are shown to be as high 

as mature insulin levels, indicating a defect in insulin 

processing [15, 17]. Other studies also find that fasting 

proinsulin levels are associated with insulin resistance 

[18] and type 2 diabetes [19–21]. Furthermore, non-

diabetic twins of patients with T1D also show elevated 

proinsulin concentrations, suggesting that proinsulin is 

an indication of early subclinical β-cell dysfunction 

[17]. The P/I ratio has also been proposed as a 

predictor of hyperglycemia development. The P/I ratio 

at the fasting condition is highly responsive to acute 

insulin stimulation [22]. Similarly, Haffner et al.  

show that the P/I ratio is increased in individuals 

having insulin resistance syndrome [23]. In a most 

recent survey of 9396 Finnish men, both fasting and 

glucose-stimulated proinsulin levels are significantly 

associated with plasma glucose levels and insulin 

sensitivity [24]. 

 

However, other studies find that the elevation of 

proinsulin levels is a late event after manifestation of 

hyperglycemia [25]. Supporting this, glucose can 

stimulate proinsulin production in a dose-dependent 

manner [26], arguing against the idea that defect in 

proinsulin processing is causal to hyperglycemia and 

T2D. Another possible cause of elevated proinlusin 

levels is that, in response to high glucose, insulin 

secreting cells may try to speed insulin production, 

causing proinsulin to be incompletely processed and 

secreted to the plasma [27]. In addition, there are many 

inconsistent results regarding the relationship between 

P/I ratio and glucose tolerance. In insulin resistant, 

nondiabetic subjects, the fasting P/I ratio had no 

correlation with the degree of insulin resistance, despite 

the both are increased in these subjects [28].  

 

In this study, we obtained multiple health parameters 

from 1579 individuals in Hainan Province, China from 

2018-2019. FPG, HbA1C levels and plasma glucose 

levels after 2-hour oral glucose tolerance test 

(OGTT2hPG) were used to group them into normal, 

prediabetic and diabetic populations. We measured the 

proinsulin, insulin levels at both fasting and glucose-

stimulated conditions and examined their correlations to 

diabetic indicators including FPG, HbAc1 and 

OGTT2hPG, and the insulin sensitivity index Matsuda 

index. We find that none of proinsulin, insulin or P/I 

ratio has strong correlation to these diabetic indicators 

in the whole population. By subgrouping analysis, we 

find that the correlations are distinct and sometimes 

opposite in normal, prediabetic and diabetic popula-

tions. Our results provide new perspectives regarding 

the functions of proinsulin, insulin and P/I ratio in 

predicting hyperglycemia development.  

 

RESULTS 
 

In a study surveying the health information in provincial 

area of Hainan, China, we aimed to recruit over one 

thousand adults with diverse backgrounds and measure 

their physiological and metabolic parameters. We also 

conducted the 2-hour glucose tolerance test (OGTT) 

and measured the postprandial proinsulin, insulin and 

glucose levels in the plasma. The data collected from 

1579 individuals were complete and valid, which were 

summarized in Supplemental Information, Sup-

plementary Table 1. The original data can be found in 

Supplementary Data (Supplementary evidence of 

original   data). The processed data can be found in 

Supplementary Table 2. 
 

We divided the whole population into 3 groups: normal, 

diabetes and prediabetes according to the standard set by 

American Diabetes Association [31, 32]: diabetes, fasting 

plasma glucose (FPG) ≥7.0 mmol/L or oral glucose 

tolerance test (OGTT) with 2-hour plasma glucose 

(2hPG) ≥11.1 mmol/L or HbA1c ≥6.5%; prediabetes, 

5.6mmol/L ≤ FPG<7.0 mmol/L or 7.8mmol/L ≤ 

2hPG<11.1mmol/L or 5.7% ≤ HbA1C<6.4%; otherwise 

normal. Among the participants, 639 (40.5%) were 

normal, 705 (44.6%) were prediabetic and 235 (14.9%) 

were diabetic. The average age was 41.69 years for the 

normal group, 50.91 for prediabetic group and 56.75 for 

diabetic group, confirming the age-dependence of T2D 

(Supplementary Table 1). Other physiological and 

metabolic parameters including weight, height, body 

mass index (BMI), waist circumference, systolic and 

diastolic pressure, heartbeat, FPG, postprandial glucose 

(OGTT2hPG), triglyceride, total cholesterol, LDL, HDL, 

blood urine acid, HbA1c, Vitamin D3, fasting proinsulin 

levels, postprandial proinsulin levels (2h proinsulin), 

fasting insulin levels and postprandial proinsulin levels 

(2h insulin) were all averaged and compared among the 

normal, prediabetic and diabetic groups (Supplementary 

Table 1). The subgroups were further divided to male and 

female groups and physiological and metabolic 

parameters were compared in the subgroups.  
 

Proinsulin, insulin and proinsulin to insulin (P/I) 

ratio in normal, prediabetic and diabetic population 
 

The fasting proinsulin levels and fasting insulin levels 

were all gradually increased from normal to diabetic 

group (Figure 1A, 1B). Fasting proinsulin increased 

from 11.56±8.14 to 13.47±10.63 pmol/L in prediabetes 

and 21.91±23.82 pmol/L in diabetes. Similarly, fasting 

insulin levels also increased from 57.53±34.03 to 

67.62±44.18 pmol/L in prediabetes and 86.69±84. 
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84 pmol/L in diabetes (Supplementary Table 1). 

However, the fasting P/I ratio was not significantly 

increased from normal to prediabetic group and  

only marginally from prediabetic to diabetic group 

(Figure 1C). After 2 hours of glucose stimulation in the 

OGTT, proinsulin levels were not significantly different 

between normal (57.80±50.26 pmol/L) and prediabetic 

group (62.99±51.66 pmol/L), but slightly increased in 

diabetic group (74.52±63.44 pmol/L) (Figure 1D and 

Supplementary Table 1). Postprandial insulin levels were 

 

 
 

Figure 1. Plasma proinsulin, insulin levels and proinsulin to insulin (P/I) ratio in normal, prediabetic and diabetic groups. (A) 
Fasting proinsulin levels graduately increased from normal to prediabetic and diabetes population. A cohort of 1579 participants were 
grouped to normal, prediabetes and diabetes according to the standard set by American Diabetes Association: diabetes, fasting plasma 
glucose (FPG) ≥7.0 mmol/L or oral glucose tolerance test (OGTT) with 2-hour plasma glucose (2hPG) ≥11.1 mmol/L or HbA1c ≥6.5%; 
prediabetes, 5.6mmol/L≤FPG<7.0 mmol/L or 7.8mmol/L≤2hPG<11.1mmol/L or 5.7%≤HbA1C<6.4%; otherwise normal. Error bars: standard 
deviation. Student’s t-test: ****, P<0.0001. (B) Fasting insulin levels graduately increased from normal to prediabetic and diabetes 
population. Participants were grouped and data were analyzed as in (A). Student’s t-test: ****, P<0.0001. (C) Fasting proinsulin to insulin 
ratio (P/I ratio) had no difference between normal andes groups and only slight increase in diabetic group. Participants were grouped and 
data analyzed as in (A). Student’s t-test: *, P<0.05; ns, not significant. (D) Proinsulin levels after 2-hour glucose stimulation in an oral glucose 
tolerance test (2hOGTT) were significantly elevated in diabetes but not prediabetic groups. Student’s t-test: **, P<0.01; ns, not significant. (E) 
Insulin levels after 2-hour glucose stimulation in an OGTT were significantly elevated in prediabetic group but did not further increase in 
diabetic group. Student’s t-test: **, P<0.01; ns, not significant. (F) After 2hOGTT, proinsulin to insulin ratio (P/I ratio) had no difference 
between normal and diabetic groups but was significantly lower in prediabetic group. Student’s t-test: ****, P<0.0001; ns, not significant. (G) 
2-hour glucose stimulation did not increase proinsulin levels in prediabetic and diabetic groups. Student’s t-test: ns, not significant. (H) 2-hour 
glucose stimulation increased Insulin levels in prediabetic group but did not further increase in diabetic group. Student’s t-test: ****, 
P<0.0001; ns, not significant. 
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significantly increased from normal (379.99±295.46 

pmol/L) to prediabetic group (572.72±491.65 pmol/L) 

but were not further increased in diabetic group 

(600.48±570.17 pmol/L). The changes in the proinsulin 

and insulin levels after 2-hour OGTT resulted in a 

decrease in P/I ratio from normal to prediabetic group but 

increase from prediabetic to diabetic group (Figure 1F). 

The lack of pronounced increase in P/I ratio suggests that 

the proinsulin processing has no significant defect in 

prediabetic and diabetic population. 

 

2-hour glucose stimulation increased the proinsulin 

levels to around 5~10 folds in all subgroups (Figure 1G). 

However, 2-hour glucose stimulation increased the 

insulin levels significantly higher in prediabetic and 

diabetic group (Figure 1H), suggesting that insulin 

production remains sensitive to glucose stimulation and 

is not the major reason for hyperglycemia in type 2 

diabetes in this cohort.  

 

The correlation of proinsulin and insulin with FPG 

were different and sometimes opposite in normal, 

prediabetic and diabetic groups 
 

Several previous studies have shown the association of 

proinsulin, insulin and the P/I ratio with FPG and 

suggest their applications in predicting T2D 

development [18, 24, 33]. We found that in the whole 

population examined here, all associations were 

generally weak (Supplementary Figure 1). By using 

spearman ranking, the association coefficient Rho is 

0.266 between fasting proinsulin and FPG, 0.159 

between glucose-stimulated proinsulin and FPG, 0.232 

between fasting insulin and FPG, no significant 

association between glucose-stimulated insulin and 

FPG, 0.068 between fasting P/I ratio and FPG, no 

significant association between glucose-stimulated P/I 

ratio and FPG. By comparing normal, prediabetic and 

diabetic groups on the same scatter plot (red, green and 

blue, respectively), we noticed that the three groups 

have very different distribution. In diabetic group, 

glucose-stimulated proinsulin and insulin levels were 

not trending in the same way as those in normal and 

prediabetic group (Supplementary Figure 1B, 1D).  

 

We then studied the association in each subgroup. 

Indeed, many associations were quite different among 

normal, prediabetic and diabetic groups (Figure 2). 

Although the associations with FPG had different 

strength (Rho) in different subgroups, they were mostly 

trending the same for fasting proinsulin (Figure 2A), 

fasting insulin (Figure 2C), fasting P/I ratio (Figure 2E) 

and glucose-stimulated P/I ratio (Figure 2F). However, 

for glucose-stimulated proinsulin and insulin levels, the 

associations to FPG were opposite, with positive 

association in normal and prediabetic group but negative 

association in diabetic group (Figure 2B, 2D). The 

strength of associations with FPG was also very 

different. Despite mostly weak associations in normal 

and prediabetic group, in diabetic group, FPG had 

moderate association with glucose-stimulated insulin 

levels (Figure 2D, Rho = -0.446) and glucose-stimulated 

P/I ratio (Figure 2F, Rho = 0.401), with the regression 

coefficient of β = -0.350 and 0.448, respectively (Table 1). 

The association remained significant after adjusting for 

sex, age and body mass index (BMI) (Table 1).  

 

Hemoglobin A1c was negatively correlated with 

glucose-stimulated proinsulin and insulin levels in 

type 2 diabetes 
 

HbAc1 levels is currently used to diagnose T2D [34, 35]. 

However, in our study, the HbA1c associations with 

proinsulin, insulin or P/I ratio in the fasting stage or after 

2 hours of glucose stimulation were very weak or not 

significant in the whole population (Supplementary 

Figure 2). We then compared the correlations in normal, 

prediabetic and diabetic groups (Figure 3). In normal 

group, HbAc1 had no significant association with all 

parameters examined. In prediabetic group, only weak 

HbA1c associations were observed for glucose-

stimulated proinsulin and insulin (Figure 3B, 3D, Rho = -

0.203 and Rho = -0.106, respectively), resulting in a low 

association of glucose-stimulated P/I ratio to HbA1c 

(Rho = -0.144) (Figure 3F). However, in diabetic group, 

weak HbAc1 associations were found for fasting insulin 

and fasting P/I ratio (Figure 3C, 3E, Rho = -0.132, Rho= 

0.154, respectively). Medium HbA1c association (Rho = 

-0.346) was found for glucose-stimulated proinsulin and 

close to strong association (Rho = -0.589) for glucose-

stimulated insulin levels (Figure 3B, 3D). Interestingly, 

this resulted in a positive correlation of HbA1c with 

glucose-stimulated P/I (Rho = 0.305) in diabetic group, 

contrasting to the negative correlation in prediabetic 

group and maybe normal group as well (Figure 3F). 

Regression analysis and adjustment were conducted for 

medium to strong associations, It appeared that the 

association remained significant after adjusting for sex, 

age and BMI (Table 1).  

 

Proinsulin and insulin correlation with postprandial 

glucose in normal, prediabetic and diabetic groups 
 

Postprandial glucose levels, e.g. plasma glucose levels 

after 2 hour of glucose stimulation in an oral glucose 

tolerance test (OGTT2hPG), is one of the three 

indicators used to diagnose T2D [36]. We studied the 

correlation of this parameter with proinsulin and insulin 

levels at fasting stage and after glucose stimulation.  

In the whole population, there were weak associations 

of OGTT2hPG with fasting proinsulin levels 

(Supplementary Figure 3A, rho = 0.164), postprandial 
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proinsulin levels (Supplementary Figure 3B, Rho = 

0.194) and fasting insulin levels (Supplementary Figure 

3C, Rho = 0.164). There was a moderate association 

between OGTT2hPG with postprandial insulin levels 

(Supplementary Figure 3D, Rho = 0.434), with a 

regression coefficient β = 0.223 (Table 1). The 

association remained significant after adjusting for age, 

sex and BMI (Table 1). The association of fasting P/I 

ratio with OGTT2hPG was not significant, however, 

there was a negative association between postprandial 

P/I ratio and OGTT2hPG (Supplementary Figure 3F, 

Rho = -0.228). 

Interestingly, the patterns of scatter plot of diabetic 

groups were quite different from normal and prediabetic 

groups in some cases (Supplementary Figure 3D–3F), 

prompting us to study the correlation in the subgroups. 

Importantly, although the correlations in subgroups 

generally agreed with that of the whole population 

(Figure 4A, 4B, 4E), there were some novel observations. 

Both normal and prediabetic groups had moderate, 

positive associations between postprandial insulin levels 

and OGTT2hPG (Figure 4D, Rho = 0.460 and 0.533, 

respectively). The regression coefficient β were 0.408 and 

0.423 for normal and prediabetic groups, respectively,

 

 
 

Figure 2. Nonuniform correlations of proinsulin, insulin and P/I ratio with fasting plasma glucose (FPG) in normal, 
prediabetic and diabetes population. (A) Correlation of fasting proinsulin levels with FPG in normal, prediabetic and diabetes 
populations. Data from 1579 participants were log transformed, scatter plotted and linear modeled by using R language for each subgroup 
(normal in red, prediabetes in green and diabetes in blue). Association strength was evaluated by Spearman's association coefficient (Rho) 
using SPSS software, with absolute Rho < 0.3 considered weak, 0.3≤Rho<0.6 moderate and Rho≥0.6 strong association; ns, not significant. 
Shaded line, linear regression with 95% of confidence interval (CI). (B) Distinct correlation of proinsulin levels after 2hOGTT to FPG levels in 
normal, prediabetic and diabetic groups. (C) Correlation of fasting insulin levels with fasting plasma glucose (FPG) in normal, prediabetic and 
diabetes populations. (D) Opposite correlation of 2h OGTT insulin levels to FPG levels in normal and diabetes subgroups. In diabetes, 2h OGTT 
insulin levels has negative correlation to FPG with moderate association strength (Rho = -0.446). (E, F) The strength of association (Rho) of P/I 
ratio were different among normal, prediabetic and diabetic groups. In diabetes, 2h OGTT P/I ratio has positive correlation to FPG with 
moderate association strength (Rho = 0.401). 
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Table 1. Regression study of the moderate and strong associations for proinsulin and insulin at fasting and glucose-
stimulating conditions. 

Variable 
Associated 

variable 
Subgroup 

Association 

coefficient (Rho) 

Regression 

coefficient (β) 
P P1 P2 

Matsuda ISI All -0.463 -0.191 < 0.001 < 0.001 < 0.001 

Matsuda ISI Normal -0.384 -0.177 < 0.001 < 0.001 < 0.001 

Matsuda ISI Prediabetic -0.462 -0.248 < 0.001 < 0.001 < 0.001 

Matsuda ISI Diabetic -0.550 -0.346 < 0.001 < 0.001 < 0.001 

Matsuda ISI All -0.830 -0.301 < 0.001 < 0.001 < 0.001 

Matsuda ISI Normal -0.837 -0.309 < 0.001 < 0.001 < 0.001 

Matsuda ISI Prediabetic -0.846 -0.416 < 0.001 < 0.001 < 0.001 

Matsuda ISI Diabetic -0.903 -0.460 < 0.001 < 0.001 < 0.001 

HbA1c Diabetic -0.346 -0.225 < 0.001 < 0.001 < 0.001 

Matsuda ISI All -0.463 -0.206 < 0.001 < 0.001 < 0.001 

Matsuda ISI Normal -0.412 -0.163 < 0.001 < 0.001 < 0.001 

Matsuda ISI Prediabetic -0.480 -0.269 < 0.001 < 0.001 < 0.001 

Matsuda ISI Diabetic -0.539 -0.396 < 0.001 < 0.001 < 0.001 

FPG Diabetic -0.446 -0.350 < 0.001 < 0.001 < 0.001 

HbA1c Diabetic -0.589 -0.418 < 0.001 < 0.001 < 0.001 

OGTT2PG All 0.434 0.223 < 0.001 < 0.001 < 0.001 

OGTT2PG Normal 0.460 0.408 < 0.001 < 0.001 < 0.001 

OGTT2PG Prediabetic 0.533 0.423 < 0.001 < 0.001 < 0.001 

Matsuda ISI All -0.822 -0.294 < 0.001 < 0.001 < 0.001 

Matsuda ISI Normal -0.844 -0.269 < 0.001 < 0.001 < 0.001 

Matsuda ISI Prediabetic -0.876 -0.384 < 0.001 < 0.001 < 0.001 

Matsuda ISI Diabetic -0.725 0.483 < 0.001 < 0.001 < 0.001 

FPG Diabetic 0.401 0.408 < 0.001 < 0.001 < 0.001 

HbA1c Diabetic 0.305 0.331 < 0.001 < 0.001 < 0.001 

The association coefficient (Rho) was obtained by spearman method by using SPSS software. Linear regression was applied to 
derive the regression coefficient (β) and ANOVA was applied to derive the statistical significance (P value).  P1 was adjusted 
for age, sex and P2 age, sex and BMI. Abbreviation: FPG, free plasma glucose. OGTT2PG, plasma glucose levels after 2 hours 
of oral glucose tolerance test (OGTT). 
 

and the associations remained significant after adjusting 

for age, sex and BMI (Table 1). In contrast, the diabetic 

group did not show a significant association between 

postprandial insulin and OGTT2hPG, although trending a 

negative correlation (Figure 4D). The fasting P/I ratio 

became significantly associated with OGTT2hPG in 

diabetic groups (Figure 4E, Rho = 0.172), but not in the 

whole population (Supplementary Figure 3E). Again, in 

normal and prediabetic groups, glucose-stimulated P/I 

ratio were negatively correlated with OGTT2hPG but 

was trending positively in diabetic group (Figure 4F). 

 

Tight association of proinsulin levels with Matsuda 

index across normal, prediabetic and diabetic 

subgroups 

 

The Matsuda index is composite index for insulin 

sensitivity, which has been widely used as an important 

measurement of glucose intolerance and hyperglycemia 

development [29, 30]. The Matsuda index in this study 

was calculated from fasting and postprandial glucose and 

insulin levels in a 2-hour OGTT. Not surprisingly, 

Matsuda index were highly associated with insulin levels 

at both fasting stage (Rho = -0.83) and after 2-hour 

glucose stimulation (Rho = -0.822) in the whole 

population (Supplementary Figure 4C, 4D). Interestingly, 

proinsulin levels also had a very good association with 

Matsuda index: both fasting and postprandial proinsulin 

levels correlated with Matsuda index with Rho = -0.463 

(Supplementary Figure 4A, 4B). However, the P/I ratio at 

both fasting stage and after 2-hour glucose stimulation 

showed only weak associations with Matsuda index 

(Supplementary Figure 4E, 4F). In subgroup analysis, 

surprisingly, all subgroups followed the same trend as the 

whole population (Figure 5), although proinsulin levels 

were slightly better associated with Matsuda index in 

diabetic group, as compared with those in normal and 

prediabetic groups. Similarly, all subgroups showed only 
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weak associations between P/I ratio and Matsuda index 

(Figure 5E, 5F). All moderate (Rho ≥0.3) to strong 

associations (Rho ≥0.6) remained significant after 

adjustment for sex, age and BMI (Table 1). Regression 

coefficient β was also calculated for moderate and strong 

associations (Table 1). 

 

Weak prediction power of proinsulin, insulin and P/I 

ratio for diabetes in the whole population 

 

The weak association of proinsulin, insulin and P/I ratio 

with multiple diabetic indicators in the whole population 

suggest that they are not good predictor of diabetes 

development. To confirm this possibility, we used the 

widely applied Receiver Operating Characteristic (ROC) 

curve to evaluate prediction power of proinsulin, insulin 

and P/I ratio. As shown in Figure 6, a better predictor 

such as HbA1c was curving to the left upper corner. Our 

results showed that, compared to age, which is well 

correlated to FPG and HbA1c and a moderate predictor 

of diabetes, all proinsulin, insulin and P/I ratio were 

weak predictors for diabetes (Figure 6A). After 2-hour 

glucose stimulation, the proinsulin, insulin and P/I  

ratio remained weak predictors for diabetes (Figure 6B). 

 

 
 

Figure 3. Nonuniform correlations of proinsulin, insulin and P/I ratio with fasting hemoglobin A1C (HbA1c) in normal, 
prediabetic and diabetic groups. (A) Fasting proinsulin levels were not significant associated HbA1c in all groups of normal, prediabetes 
and diabetes. Data from 1579 participants were log transformed, scatter plotted and linear modeled by using R language for each subgroup 
(normal in red, prediabetes in green and diabetes in blue). Association strength was evaluated by Spearman's association coefficient (Rho) 
using SPSS software: ns, not significant. Shaded line, linear regression with 95% of confidence interval (CI). (B) Negative association of 
proinsulin levels after 2 hours of glucose stimulation with fasting HbA1c. The association is stronger in diabetic group (Rho = 0.346) than in 
normal and prediabetic groups. (C) Fasting insulin levels had weak and negative association with fasting HbA1c in diabetic group but not 
normal and prediabetic groups. (D) Insulin levels after 2 hours of glucose stimulation had no correlation with fasting HbA1c in normal 
group, weak association in prediabetic group and close to strong association in diabetic group (Rho= -0.589). (E) Fasting P/I ratio and fasting 
HbA1c were weakly associated in diabetic group not but normal and prediabetic groups. (F) P/I ratio after 2 hours of glucose stimulation 
was moderately associated with fasting HbA1c in diabetic group, weakly in prediabetic group but not significant in normal group. 



 

www.aging-us.com 10722 AGING 

Interestingly, the P/I ratio in both fasting and 

postprandial conditions was the least effective predictor 

of diabetes, contrasting to some previous studies. These 

results were consistent with our association studies in the 

whole population, which suggest that, in the whole 

population, the proinsulin, insulin and P/I ratio are not 

powerful predictors of diabetes. 

 

DISCUSSION 
 

Previous proposals of using proinsulin, insulin and P/I 

ratio to predict diabetes development are based on the 

assumptions that they are strongly or at least moderately 

correlated to diabetes indictors such as FPG, HbA1c and 

insulin sensitivity. By plotting all the data points in the 

correlation study, we find that most correlations are too 

weak to support their predicting function. Interestingly, 

we notice that subsets of data points do not follow a 

linear model. This prompts us to subgroup them into 

normal, prediabetic and diabetic population. By dividing 

1579 individuals into subgroups, our study reveals 

distinct sometimes opposite correlations in different 

subgroups for the same parameters. Our studies also 

reveal unexpected correlations of proinsulin and insulin 

 

 
 

Figure 4. Comparison of associations of proinsulin and insulin levels with plasma glucose levels after 2 hours glucose 
stimulation in an oral glucose tolerance test (OGTT2hPG) in normal, prediabetic and diabetic groups. (A) Fasting proinsulin 
levels was better associated with OGTT2hPG in diabetic group than in normal and prediabetic group. Data from 1579 participants were log 
transformed, scatter plotted and linear modeled by using R language for each subgroup (normal in red, prediabetes in green and diabetes in 
blue). Association strength was evaluated by Spearman's association coefficient (Rho) using SPSS software: ns, not significant. Shaded line, 
linear regression with 95% of confidence interval (CI). (B) Proinsulin levels after OGTT was better associated with OGTT2hPG in normal and 
prediabetic groups (Rho = 1.58 and 0.246, respectively) than in diabetic group. (C) Weak association of fasting insulin levels with OGTT2hPG 
in normal and prediabetic groups but no significant association in diabetic group. (D) Insulin levels after 2h OGTT had moderate association 
with OGTT2hPG in normal and prediabetic groups but no in diabetic group. (E) Fasting P/I ratio had weak association with OGTT2hPG in 
diabetic group but no in normal and prediabetic group. (F) Glucose-stimulated P/I ratio had moderate negative association with OTGG2hPG in 
normal and prediabetic groups but not in diabetic group. 
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with diabetic indicators in some subgroups. Since such 

associations have not been systematically compared in 

normal, prediabetic and diabetic groups, our studies 

could raise further interests in using subgroup analysis in 

similar studies. 

 

Weak predicting power of proinsulin, insulin and P/I 

ratio for type 2 diabetes development 
 

Proinsulin levels, insulin levels and P/I ratio have been 

shown to be associated with diabetes parameters with 

various strength in different cohorts [19, 37–41]. We 

examine in our cohort the correlations and find that, 

although proinsulin levels, insulin levels and P/I ratio are 

correlated with diabetes parameters similar to those 

reported in the literature, the strength of association are 

generally weak, with Spearman coefficient Rho falling 

between 0.1 and 0.3. The use of Spearman ranking 

method results in higher correlation coefficient compared 

to Pearson method (data not shown). Therefore, the 

current associations could have been overestimated. 

Reviewing the past literature, we find that most studies 

also show very weak associations to diabetes indicators, 

regardless of whether Pearson association or Spearman 

ranking is being used [14, 24, 42]. Some previous studies 

show stronger association but have limited participants  

or the participants are older in age. Therefore, there are 

no strong evidence to support proinsulin, insulin and 

 

 
 

Figure 5. Association of proinsulin, insulin levels and proinsulin to insulin (P/I) ratio with Matsuda Index in normal, 
prediabetic and diabetic groups. (A) Negative association of fasting proinsulin levels with Matsuda Index in all subgroups with moderate 
strength. Data from 1579 participants were log transformed, scatter plotted and linear modeled by using R language for each subgroup 
(normal in red, prediabetes in green and diabetes in blue). Association strength was evaluated by Spearman's association coefficient (Rho) 
using SPSS software. Shaded line, linear regression with 95% of confidence interval (CI). (B) Glucose-stimulated proinsulin levels were 
negatively associated with Matsuda index in all subgroups. (C) Fasting insulin levels were strongly associated with Matsuda index in all 
subgroups. (D) Glucose-stimulated insulin levels were strongly associated with Matsuda index in all subgroups. (E) Fasting P/I ratio was much 
weaker than proinsulin and insulin levels in association with Matsuda index in all subgroups. (F) Glucose-stimulated P/I ratio was much 
weaker than proinsulin and insulin levels in association with Matsuda index in all subgroups. 
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P/I ratio as good predictors of T2D development. 

Consistently, ROC curve analysis of our cohort show that 

proinsulin, insulin and P/I ratio are much less effective 

than age as predictor of diabetes, with P/I ratio as the 

worse among the three (Figure 6). 

 

The exceptions are their associations with insulin 

sensitivity as measured by Matsuda index (Figure 5 and 

Supplementary Figure 4). Fasting and postprandial 

insulin are both strongly associated with Matsuda index. 

This is simply due to the fact that Matsuda index is 

calculated based on both fasting and postprandial insulin 

levels. What is interesting is that the fasting and 

postprandial proinsulin levels have moderate and 

negative association with Matsuda index in all subgroups, 

suggesting that they could serve as potential predictors of 

insulin sensitivity and hyperglycemia development.  

 

Subgroup analysis reveals distinct and sometimes 

opposite patterns of correlations 

 

By careful examination of the scatterplot, we notice  

in multiple cases that there is a trend of bimodal 

distribution. For example, postprandial insulin is 

trending positive at lower FPG but negative at higher 

FPG (Figure 2D). This observation leads us to subgroup 

the participants into normal, prediabetic and diabetic 

group in the association studies. Interestingly, when 

subgrouping the population, stronger associations  

appear in certain subgroups, for example postprandial 

insulin levels and P/I ratio with FPG in diabetic group 

(Figure 2D, 2E), postprandial proinsulin, insulin and P/I 

ratio with HbA1c in diabetic group (Figure 3B, 3D, 3E), 

and postprandial insulin levels with postprandial glucose 

levels in normal and prediabetic groups (Figure 4D). 

These results suggest that these metabolic parameters 

could be strong predictors of T2D development in 

certain subgroups, but their prediction function awaits 

further investigation and careful evaluation. To our 

knowledge, our current study is the first of its kind to 

systematically compare in each subgroup and the whole 

population the correlations of proinsulin, insulin and P/I 

ratio with diabetes parameters. 

 

P/I ratio is worse than proinsulin or insulin levels in 

predicting hyperglycemia development 
 

Interestingly, although several previous studies suggest 

that the P/I ratio is as good as or even better than 

proinsulin or insulin in predicting T2D development  

[43, 44], we find the opposite. Across multiple panels of 

association study, we show that compared to proinsulin 

and insulin, P/I ratio has the worse association with T2D 

parameters including FPG, HbA1c, postprandial glucose 

 

 
 

Figure 6. Prediction power of proinsulin, insulin levels and proinsulin to insulin (P/I) ratio for diabetes. (A) Weak prediction 
power of proinsulin, insulin levels and P/I ratio as compared to age and HbA1c. Data from 1579 individuals were plotted with pROC package 
in R. HbA1c was one of the three parameters used to define diabetes, therefore a strong predictor (curve to the upper left corner). The 
diagonal line means no prediction power. All proinsulin, insulin levels and P/I ratio were weaker than age in predicting diabetes and P/I ratio 
was the worse. (B) Weak prediction power of postprandial proinsulin, insulin levels and P/I ratio as compared to age and HbA1c. All 
proinsulin, insulin levels and P/I ratio after 2-hour glucose stimulation were weaker than age in predicting diabetes and P/I ratio was the 
worse. 
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and insulin sensitivity as measured by Matsuda index, 

whether in the whole population or in the subgroups. We 

confirm that this discrepancy is not due to the methods 

in association study, as most previous reports also apply 

the same software (SPSS) and the same methods 

(Spearman or Pearson) and we find the P/I ratio remains 

the least effective predictor by using Pearson analysis 

(Data not shown). More striking difference is found in 

the correlation to Matsuda index, where both proinsulin 

and insulin levels, at both fasting and glucose-stimulated 

conditions, are tightly correlated to Matsuda index, but 

not the P/I ratio (Figure 5). Further, ROS analysis 

confirm that P/I ratio is worse than proinsulin and 

insulin in predicting diabetes (Figure 6). Our results 

suggest that, as appose to several early proposals, defect 

in processing of proinsulin to insulin is not likely a 

critical contributing factor to T2D development. In 

previous reports, the reported associations are also 

generally weaker for P/I ratio as compared to that for 

proinsulin or insulin [22, 23, 45–47]. Therefore, our 

results are not inconsistent with the literature. Together, 

our data argue against using P/I ratio in evaluation of 

T2D development. 
 

Despite the points mentioned above, there are several 

caveats worth mentioning. First, our study is focused 

on a specific group of people living in a restricted  

area. The1579 individuals in our cohort study are all 

East Asia ethnicity, living in an Island south to the 

China mainland. Second, the participants were 

recruited voluntarily and bias could be introduced  

as those who were more or less concerned about  

T2D were more likely to participate. These caveats, 

among many others, suggest that care should be taken 

when attempts to extrapolate our results to other 

studies. 

 

MATERIALS AND METHODS 
 

Subjects 
 

The current study is part of an ongoing project led by 

Hainan General Hospital aiming to better understand 

several health issues of Hainan Province, China. The 

subjects are ethnically East Asian distributing across the 

province, including cities and countryside. This study 

includes 1579 men and women of different age, 

socioeconomical status and education levels. Such 

information was collected based on a survey before 

admitting participants for glucose tolerance test and 

biometrics measurement. The study was approved by 

ethical committee of Hainan General Hospital and all 

participants gave written informed consents. The data 

collected in this manuscript are completely different 

from a previous co-authored paper in Hainan Medical 

Journal (Supplementary Data). The original data can be 

found in Supplementary Data. The processed data can be 

found in Supplementary Table 2. 

 

Clinical measurements 

 

Weight was measured by using mechanic scale and 

height mechanical rod mounted on a wall. Values for 

weight and height were kept to the nearest 0.1 kg and 

0.5 cm, respectively. BMI was calculated based on 

weight and height, e.g. dividing weight (kg) by the 

square of height (m3). Waist was measured at the 

midpoint between the lateral iliac crest and lowest rib to 

the nearest 0.5 cm. Systolic pressure and diastolic 

pressure were obtained by standard sphygmomanometer 

and values were expressed in millimeters of mercury 

(mmHg). Heartbeat was measured with a pulse oximeter 

for 3 times and averaged. 

 

Oral glucose tolerance test (OGTT) 

 

A standard 2-hour, 75-gram oral glucose tolerance test 

(OGTT) protocol was used in this study. Participants 

were fasted overnight at least for 10 hours. First, blood 

was drawn at the fasting state. Participants were then 

required to drink 0.2 kg of a syrupy glucose solution that 

contains 75 grams of sugar within 2 minutes. After 2 

hours, a second blood draw was carried out. Glucose 

levels, proinsulin levels and insulin levels in these 

samples were then determined as follows: plasma 

glucose was measured by using Hexokinase Activity 

Assay Kit (Abcam). Insulin was determined by using 

Human Insulin ELISA Kit (Abcam). Proinsulin was 

measured by using Human proinsulin ELISA Kit 

(Abcam). 

 

Insulin sensitivity 

 

Insulin sensitivity were evaluated by using Matsuda ISI, 

which is generated by using the template published at 

http://mmatsuda.diabetes-smc.jp/english.html, based on 

fasting and 2-hour glucose-stimulated insulin levels and 

plasma glucose levels. Detailed information regarding 

the Matsuda index could be found in this website as 

well as early publications [29, 30].  

 

Data visualization 

 

Graphs were generated using Graphpad prisim software 

and Rstudio (Version 1.1.463) installed with ggplot2 

and pROC package. For association visualization, data 

were first converted by log10 to obtain normally 

distributed data, then analyzed by using linear model 

either across all data points or data points for normal, 

prediabetic and diabetic groups. A small number of 

outliers were removed for visualization purpose. 

http://mmatsuda.diabetes-smc.jp/english.html
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Statistical analysis 

 

Statistical analyses and association studies were 

conducted using IBM SPSS version 24. Association was 

evaluated by binary variable model and correlation 

coefficient factor Rho were obtained by using 

spearman’s rank. In this paper, the absolute value of 

coefficient factor Rho lower than 0.2 is considered not 

associated, 0.21-0.4 weak association, 0.41-0.6 moderate 

association, 0.61 and higher strong association. A linear 

regression model was used to derive the standardized β 

and P values for moderate or strong associations and the 

results were adjusted to age, sex and body mass index 

(BMI) as indicated in the main text. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. (related to Figure 2). Weak to no association of fasting proinsulin, fasting insulin levels and fasting 
proinsulin to insulin (P/I) ratio with fasting plasma glucose (FPG) in the whole population. (A) Fasting proinsulin was weakly 
associated with FPG in the whole population and better than insulin and P/I ratio in predicting diabetes. Data from 1579 participants were log 
transformed, scatter plotted and linear modeled by using R language. Association strength was evaluated by Spearman's association 
coefficient (Rho) using SPSS software, with absolute Rho < 0.3 considered weak, 0.3≤Rho<0.6 moderate and Rho≥0.6 strong association; ns, 
not significant. (B) Glucose-stimulated proinsulin levels was weakly associated with FPG in the whole population. (C) Fasting insulin levels was 
weakly associated with FPG in the whole population. (D) Glucose-stimulated insulin had no association with FPG in the whole population.  
(E) Fasting P/I ratio was weakly associated with FPG in the whole population. (F) Glucose-stimulated P/I ratio was not significantly associated 
with FPG in the whole population. 
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Supplementary Figure 2. (related to Figure 3). Weak to no association of fasting proinsulin, fasting insulin levels and fasting 
proinsulin to insulin (P/I) ratio with diabetic indicator hemoglobin A1c (HbA1c) in the whole population. (A) Fasting proinsulin 
had very weak association with HbAc1 in the whole population. Data from 1579 participants were log transformed, scatter plotted and linear 
modeled by using R language. Association strength was evaluated by Spearman's association coefficient (Rho) using SPSS software, with 
absolute Rho < 0.3 considered weak, 0.3≤Rho<0.6 moderate and Rho≥0.6 strong association; ns, not significant. (B) Proinsulin levels after 2-
hour glucose stimulation in an oral glucose tolerance test (OGTT) showed no significant association with HbA1c in the whole population.  
(C) Fasting insulin levels was not significantly associated with HbA1c in the whole population. (D) Insulin levels after 2-hour OGTT had 
negative and weak association with HbA1c in the whole population. (E) No significant association of fasting P/I ratio with HbA1c in the whole 
population. (F) Weak and negative association of glucose-stimulated P/I ratio with HbA1c in the whole population. 
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Supplementary Figure 3. (related to Figure 4) Association of fasting proinsulin, fasting insulin levels and fasting proinsulin to 
insulin (P/I) ratio with diabetic indicator 2-hour glucose levels after an oral glucose tolerance test (OGTT2hPG) in the whole 
population. (A) Fasting proinsulin had weak association with OGTT2hPG in the whole population. Data from 1579 participants were log 
transformed, scatter plotted and linear modeled by using R language. Association strength was evaluated by Spearman's association 
coefficient (Rho) using SPSS software, with absolute Rho < 0.3 considered weak, 0.3≤Rho<0.6 moderate and Rho≥0.6 strong association; ns, 
not significant. (B) Proinsulin levels after OGTT showed weak association with OGTT2hPG in the whole population. (C) Fasting insulin levels 
was weakly associated with OGTT2hPG in the whole population. (D) Insulin levels after OGTT had moderate (Rho =0.434) association with 
OGTT2hPG in the whole population. (E) No significant association of fasting P/I ratio with OGTT2hPG in the whole population. (F) Weak and 
negative association of glucose-stimulated P/I ratio with OGTT2hPG in the whole population. 
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Supplementary Figure 4. (related to Figure 5) Association of fasting proinsulin, fasting insulin levels and fasting proinsulin to 
insulin (P/I) ratio with insulin sensitivity index Matsuda index in the whole population. (A) Fasting proinsulin had negative 
association with Matsuda index in the whole population. Data from 1579 participants were log transformed, scatter plotted and linear 
modeled by using R language. Association strength was evaluated by Spearman's association coefficient (Rho) using SPSS software, with 
absolute Rho < 0.3 considered weak, 0.3≤Rho<0.6 moderate and Rho≥0.6 strong association; ns, not significant. (B) Proinsulin levels after 
glucose stimulation in an oral glucose tolerance test (OGTT) had moderate association with Matsuda index in the whole population.  
(C) Fasting insulin levels was strongly associated with Matsuda index in the whole population. (D) Insulin levels after glucose stimulation in 
OGTT strongly associated with Matsuda index in the whole population. (E) Weak association of fasting P/I ratio with Matsuda index in the 
whole population. (F) Weak association of glucose-stimulated P/I ratio with Matsuda index in the whole population. 
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Supplementary Tables 
 

Supplementary Table 1. Physical and metabolic characteristics of 1579 participants in this study in Hainan province, 
China. 

 Normal  Prediabetes  P value  Diabetes  P value 

Whole (n = 1579)  N= 639  N= 705    N= 235    

Age(year)  41.69±12.33  50.91±12.31  .00001  56.75±11.11  .00001  

Weight(Kg)  58.40±10.79  61.35±11.32  .00001  63.10±10.03  .00001  

Height(cm)  159.49±7.86  159.23±8.55  .5614  159.36±8.47  .8376  

Body mass index (BMI, Kg/m2)  22.91±3.56  24.09±3.39  .00001  24.80±3.09  .00001  

Waist circumference(cm)  77.95±9.40  82.72±9.40  .00001  86.11±8.27  .00001  

Systolic pressure (mmHg)  117.24±16.83  127.81±19.48  .00001  132.56±21.01  .00001  

 Diastolic pressure(mmHg)   74.92±11.13  79.41±12.44  .00001  80.62±12.55  .00001  

Heartbeat(times/min)  79.73±11.07  82.44±12.63  .00001  84.36±12.80  .00001  

FPG(mmol/L)  4.87±0.38  5.35±0.52  .00001  7.52±2.78  .00001  

OGTT2PG(mmol/L)  5.89±1.06  7.68±1.60  .00001  13.38±5.01  .00001  

Triglyceride(mmol/L)  1.53±1.04  2.03±1.79  .00001  2.61±3.34  .00001  

Total cholesterol(mmol/L)  5.15±0.97  5.55±1.07  .00001  5.78±1.27  .00001  

LDL(mmol/L)  2.78±0.76  3.04±0.84  .00001  3.16±0.92  .00001  

HDL(mmol/L)  1.54±0.41  1.49±0.32  .0124  1.42±0.29  .00001  

Blood urine acid(μmol/L)  336.40±85.68  367.00±89.86  .00001  374.16±88.96  .00001  

HbA1c(%)  5.22±0.32  5.68±0.39  .00001  7.08±1.74  .00001  

VitaminD3(ng/mL)  36.38±10.48  38.55±10.86  .0002  39.57±11.12  .00001  

Fasting proinsulin(pmol/L)  11.56±8.14  13.47±10.63  .0002  21.91±23.82  .00001  

2h proinsulin(pmol/L)  57.80±50.26  62.99±51.66  .0626  74.52±63.44  .00001  

Fasting insulin(pmol/L)  57.53±34.03  67.62±44.18  .00001  86.69±84.84  .00001  

2h insulin(pmol/L)  379.99±295.46  572.72±491.65   .00001  600.48±570.17   .00001 

Male (n = 567)  N = 202  N= 261    N = 104    

Age(year)  43.56±12.40  50.81±12.30  .00001  55.86±11.60  .00001  

Weight(Kg)  66.08±9.12  68.82±10.58  .0036  68.37±9.48  .041  

Height(cm)  167.02±6.08  167.02±6.13  .99999  166.05±6.02  .1858  

Body mass index (BMI, Kg/m2)  23.70±2.80  24.60±3.19  .0016  24.77±3.00  .0022  

Waist circumference(cm)  83.84±8.16  87.32±9.05  .00001  88.25±7.39   .00001 

Systolic pressure (mmHg)  123.11±15.60  130.72±18.09  .00001  132.11±19.79  .00001  

 Diastolic pressure(mmHg)  77.71±11.28  82.76±13.11  .00001  81.63±12.00   .0052  

Heartbeat(times/min)  77.41±10.62  80.16±10.93  .0068  81.90±12.60  .0012  

FPG(mmol/L)  4.87±0.39  5.33±0.51  .00001  7.46±3.20  .00001  

OGTT2hPG(mmol/L)  5.89±1.16  7.61±1.72  .00001  13.33±5.16  .00001  

Triglyceride(mmol/L)  1.90±1.40  2.33±2.18  .015  2.81±3.23  .0006  

Total cholesterol(mmol/L)  5.34±0.98  5.53±1.06    5.62±1.08    

LDL(mmol/L)  3.00±0.79  3.07±0.88  .3754  3.08±0.92   .4286  

HDL(mmol/L)  1.40±0.29  1.37±0.28  .261  1.35±0.26  .1404  

Blood urine acid(μmol/L)  412.34±81.38  428.23±79.52  .0354  410.17±78.38  .8232  

HbA1c(%)  5.25±0.33  5.70±0.37  .00001  7.02±1.80  .00001  

VitaminD3(ng/mL)  43.20±11.24  44.32±12.24  .3122  44.62±11.87  .3052  

Fasting proinsulin(pmol/L)  13.88±10.21  15.93±12.02  .0528  26.47±30.65  .00001  

2h proinsulin(pmol/L)  68.46±68.43  73.12±56.15  .4214  84.22±73.43  .0636  

Fasting insulin(pmol/L)  58.44±32.59  68.51±45.56  .0082  78.87±67.75  .0004  
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2h insulin(pmol/L)  381.00±313.10  566.37±499.41  .00001  578.36±533.82   .00001 

Female (n = 1012)  N= 437  N= 444    N = 131    

Age(year)  40.83±12.21  50.97±12.33  .00001  57.45±10.70  .00001  

Weight(Kg)  54.85±9.59  56.96±9.27  .001  58.92±8.37  .00001  

Height(cm)  156.03±5.94  154.65±6.12  .0008  154.04±6.01  .0008  

Body mass index (BMI, Kg/m2)  22.54±3.81  23.79±3.46  .00001  24.81±3.16  .00001  

Waist circumference(cm)  75.22±8.67  80.02±8.53  .00001  84.41±8.56  .00001  

Systolic pressure (mmHg)  114.53±16.70  126.11±20.09  .00001  132.91±22.00  .00001  

 Diastolic pressure(mmHg)  73.64±10.82  77.44±11.60  .00001  79.83±12.95  .00001  

Heartbeat(times/min)  80.81±11.13  83.79±13.36  .0004  86.35±12.67  .00001  

FPG(mmol/L)  4.86±0.38  5.35±0.52  .00001  7.56±2.40  .00001  

OGTT2hPG(mmol/L)  5.89±1.01  7.72±1.53  .00001  13.42±4.90  .00001  

Triglyceride(mmol/L)  1.36±0.76  1.84±1.48  .00001  2.44±3.43  .00001  

Total cholesterol(mmol/L)  5.06±0.95  5.56±1.08  .00001  5.91±1.40  .00001  

LDL(mmol/L)  2.68±0.73  3.02±0.81  .00001  3.23±0.92  .00001  

HDL(mmol/L)  1.60±0.44  1.56±0.32  .3342  1.48±0.29  .0034  

Blood urine acid(μmol/L)  301.30±61.52  331.15±75.05  .00001  345.57±86.70  .00001  

HbA1c(%)  5.21±0.32  5.67±0.40  .00001  7.13±1.69  .00001  

VitaminD3(ng/mL)  33.22±8.42  35.17±8.27  .0006  35.55±8.62  .006  

Fasting proinsulin(pmol/L)  10.48±6.72  12.03±9.44  .0052  18.28±15.72  .00001  

2h proinsulin(pmol/L)  52.87±38.15  57.03±47.89  .1546  66.81±53.26  .001  

Fasting insulin(pmol/L)  57.12±34.70  67.10±43.38  .0002  92.89±96.08  .00001  

2h insulin(pmol/L)  379.52±287.27  576.45±487.55  .00001  618.05±598.91  .00001  

 

Please browse Full Text version to see the data of Supplementary Table 2. 

Supplemental Table 2. Data used in this study after removing invalid data points. 
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