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Abstract 

Background:  The prevalence of diabetes and prediabetes were estimated to be 10.9% and 35.7% in the Chinese 
adult population, respectively, and the middle-aged and elderly Chinese are at even higher risk of diabetes and 
prediabetes than younger population. With the increasing trend of aging in China, the burden of diabetes and related 
complications will be aggravated.

Objectives:  Through comparing the indices of insulin resistance and β-cell function between subjects with different 
glucose metabolic status, to analyze the differential role of insulin resistance and β-cell function in the development 
of prediabetes and type 2 diabetes (T2DM) in the middle-aged and elderly Chinese population.

Methods:  In this cross-sectional study, we enrolled 512 participants aged 50 and over. The indices of insulin resist-
ance (homoeostasis model assessment of insulin resistance (HOMA-IR) and adipose tissue insulin resistance (Adipo-
IR), and indices of β-cell function [HOMA-β), fasting C-peptide to glucose ratio (FCPRI) and postprandial C-peptide to 
glucose ratio (PCPRI)] were calculated. Association of insulin resistance and β-cell function with prediabetes or T2DM 
were evaluated by multivariate logistic regression analysis, in which potential confounding factors were adjusted.

Results:  Of the 509 participants with complete information, 263 (51.7%) had normal glucose tolerance (NGT), 161 
(31.6%) were in prediabetic status and 85 (16.7%) were overt T2DM. With the advancing of unfavorable glucose 
metabolism, the insulin resistance (HOMA-IR and Adipo-IR) and β-cell function (FCPRI, PCPRI) deteriorated (Ptrend < 0.05 
for all indices). We found that increase in insulin resistance expressed by Adipo-IR and HOMA-IR is associated with 
increased risk of prediabetes, whereas decrease in β-cell function expressed by HOMA-β and PCPRI is associated with 
increased risk of T2DM. We also demonstrated that Adipo-IR was more closely associated with developing prediabetes 
than HOMA-IR, and PCPRI was most closely related with developing T2DM among the indices of β-cell function used 
in this study.

Conclusions:  Insulin resistance is the main determinant of developing prediabetes, whereas β-cell function is the 
main determinant of developing T2DM.

Keywords:  Adipose tissue insulin resistance, Peripheral tissue insulin resistance, β-Cell function, Prediabetes, Type 2 
diabetes
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Introduction
According to the recent nationwide survey of Chinese 
adult population, the prevalence of diabetes and predia-
betes were estimated to be 10.9% and 35.7%, respectively 
[1]. The middle-aged and elderly Chinese are at even 
higher risk of diabetes and prediabetes than younger 
population [1, 2]. Diabetes is associated with various vas-
cular and non-vascular complications and significantly 
increased risk of all-cause mortality [3]. In the light of the 
latest Chinese Census data, 13.31% of the population has 
aged over 60 years with 8.91% aged over 65 years. Moreo-
ver, age group 40–49 years and 50–59 years account for 
17.28% and 12.01% of the population, respectively [4]. 
With the increasing trend of aging in China, the disease 
burdens of diabetes and its related complications such as 
cardiovascular diseases (CVD) will be further worsen.

Insulin resistance and impaired β-cell function are the 
important pathological basis for the deterioration of glu-
cose metabolism and type 2 diabetes (T2DM) [5]. Results 
from WhiteHall II population-based prospective study 
showed that in South Asian, abnormal glucose tolerance 
happened 3–5 years after insulin sensitivity significantly 
declined, whereas β-cell function remained unchanged in 
this period, indicating that insulin resistance maybe the 
determinant component in the conversion from normal 
glucose tolerance to prediabetes [6]. However, the recent 
study by Gastaldelli et al. [7] showed that the progressive 
deterioration in β-cell function begins in “normal” glu-
cose tolerant subjects, and is associated with a progres-
sive increase in free fat acid (FFA) and fasting adipose 
tissue insulin resistance (Adipo-IR). Thus, the determi-
nant factor for the conversion from normal glucose toler-
ance (NGT) to prediabetes need to be discussed.

The relative contribution of insulin resistance and 
impaired β-cell function in the development of T2DM 
is controversy as well. Insulin resistance and impaired 
β-cell function co-existed in prediabetes in Chinese [8], 
Korean [9], Japanese [10] and many other population. 
Several studies have suggested that the fast development 
of insulin resistance over time leading to the failure of a 
compensatory increase in insulin is the driven cause of 
the conversion from prediabetes to T2DM [11–13], while 
others regarded the deterioration of β-cell function over 
time as the primary pathology [14–16]. This disparity 
may have been resulted from ethnicity, as previous study 
has reported ethic difference in the rate of deterioration 
to T2DM, with higher conversion rate observed in South 
Asian and African origin than those of European origin. 
However, even both conducted in the Chinese popula-
tion, one study suggested the dominant factor of this 
conversion to be the deterioration of β-cell function [15], 
when the other reported the failure to compensate for 
the deterioration of insulin resistance to be the primary 

factor [13]. Thus, the dominant factor in prediabetes and 
T2DM remains to be further studied, especially in the 
high-risk Chinese population, namely, the middle-aged 
and the elderly.

Facing this growing epidemic of T2DM in China and 
the high prevalence in the middle-aged and the elderly, 
this study aimed to examine the determinant of devel-
oping prediabetes and diabetes in the middle-aged and 
elderly Chinese population, and our study will provide 
valuable information for prevention and treatment of 
abnormal glucose metabolism and T2DM.

Materials and methods
Study population
This cross-sectional study was conducted in an adminis-
trative village of Lishui city, Zhejiang province from May 
16 to June 15, 2017. All 523 individuals aged 50 and over 
in the village were invited to participate. Among them, 11 
refused to participant, 3 had no complete information of 
postprandial glucose or C-peptide, and finally 509 were 
included in this analysis. This study was approved by the 
Ethics Committee of Lishui Municipal Central Hospital 
(No. 2016-42) and was conducted in accordance with the 
principles of the Helsinki Declaration II. Written consent 
was obtained from all participants.

Clinical assessment
Clinical assessment was conducted in Lishui Hospital 
of Zhejiang University. All subjects were interviewed by 
trained research staffs to complete questionnaires per-
taining to demographic and socioeconomic status, smok-
ing and drinking status, as well as diabetes history. All 
participants had a clinical examination, include weight, 
height, waist and blood pressure. Weight was measured 
to the nearest 0.1 kg with a standard process, and individ-
uals were asked to wear only light underwear and empty 
the bladder. Body height, and waist circumference were 
measured to the nearest 0.1  cm using a flexible anthro-
pometer. Waist circumference (WC) was measured at 
the midpoint between the lower border of the rib cage 
and the iliac crest. Blood pressure (BP) was measured 
in triplicate after 10-min rest with Omron electronic 
sphygmomanometers; the average of the blood pressure 
measurements was used for the analysis. All the partici-
pants also received a 2-h 75 g oral glucose tolerance test 
(OGTT) with measurement of plasma glucose, insulin, 
and FFA concentrations at 0 min and 120 min after glu-
cose ingestion.

Biochemical analysis
Venous blood samples were obtained after an overnight 
fast at least 8 h. Measurements of fasting plasma glucose 
(FPG), hemoglobin A1c (HbA1c), triglycerides (TG), total 
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cholesterol (TC), low-density lipoprotein cholesterol 
(LDL-C) and high-density lipoprotein cholesterol (HDL-
C) were performed in the hospital’s laboratory by stand-
ard laboratory procedures. Plasma insulin and C-peptide 
concentrations were measured by radioimmunoassay 
using specific kits (DPC, Los Angeles, Calif., USA) and 
plasma FFA were measured spectrophotometrically 
(Wako, Neuss, Germany). All the biochemical analysis 
was done in Lishui Hospital of Zhejiang University.

Definition and calculation
NGT was defined as having fasting blood glucose level 
below 6.1  mmol/L and postprandial blood glucose level 
below 7.8 mmol/L and having no history of diabetes. Pre-
diabetes was defined as having no history of diabetes but 
with fasting blood glucose level ranging between 6.1 and 
6.9 mmol/L or postprandial blood glucose level between 
7.8 and 11.0 mmol/L. T2DM was defined as having either 
a history of T2DM or taking hypoglycemic agents or hav-
ing fasting blood glucose level over 7.0 mmol/L or post-
prandial blood glucose level over 11.1 mmol/L [17].

Body mass index (BMI) was calculated as weight in 
kilograms divided by height in meters squared. Waist 
to hip ratio (WHR) was calculated as waist circumfer-
ence divided by hip circumference. The homoeostasis 
model assessment of insulin resistance (HOMA-IR) and 
β-cell function (HOMA-β) were calculated as previously 
described [18]. Adipo-IR was calculated as fasting plasma 
FFA (mmol/L) × fasting plasma insulin (μU/mL) concen-
trations. C-peptide to glucose ratio was calculated in the 
fasting (FCPRI) and postprandial (PCPRI) status.

Statistical analysis
All statistical analyses were conducted using SPSS soft-
ware (version 23.0 for windows purchased by Capital 
Medical University, China, SPSS Inc., Chicago, IL). All 
variables were analyzed for normal distribution using 
skewness and kurtosis test. Data were expressed as 
mean ± standard deviation (SD) for continuous variables 
with normal distribution, median and interquartile range 
for skewed variables, and number and percentage for cat-
egorical variables, respectively. Comparisons of means, 
medians and frequencies were done with analysis of vari-
ance (ANOVA), Kruskal–Wallis and Chi squared tests, 
respectively. Bonferroni post hoc test was used for multi-
ple pairwise comparisons among three glucose tolerance 
groups. Association of insulin resistance and β-cell func-
tion with prediabetes or T2DM was evaluated by mul-
tivariate logistic regression analysis, in which sex, age, 
BMI, drinking status, LDL-C and HbA1c were adjusted. 
All tests were two-sided, and a value of P < 0.05 was con-
sidered significant.

Results
General characteristics of study population
The 509 participants included in this study had a 
mean age of 60.2 (ranged 49–75  years), and with 236 
(46.4%) males and 273 (53.6%) females, among which 
263 (51.7%) had NGT, 161 (31.6%) had prediabetes and 
85 (16.7%) had T2DM. Compared to individuals with 
NGT, patients with prediabetes or T2DM were older 
and more likely to be current drinker, had higher level 
of adiposity indices (waist circumference, BMI, WHR, 
calf girth and neck circumference), less favorable met-
abolic traits (higher level of LDL-C, TG, TC, HbA1c, 
FPG, 2 h-PG, SBP and DBP) and worse status of insulin 
resistance (HOMA-IR and Adipo-IR) and β-cell func-
tion (HOMA-β, FCPRI and PCPRI) (Table 1). Further-
more, with the stage of abnormal glucose metabolism 
advancing, the levels of insulin resistance and β-cell 
function deteriorated (Ptrend < 0.05 for all indices except 
HOMA-β) (Table 1).

Insulin resistance but not β‑cell function is associated 
with prediabetes
To analyze the influence of insulin resistance and 
β-cell function on prediabetes and to better explain the 
results, we excluded those with T2DM and divided the 
subjects into 4 groups based on the quartiles of indices 
of insulin resistance and β-cell function.

Both Adipo-IR and HOMA-IR were higher in pre-
diabetes than NGT. In multivariate model, subjects 
in the second, third and fourth quartiles of Adipo-IR 
being inflicted with prediabetes was 2.35-, 2.47- and 
6.40-fold the risk of subjects in the first quartile, simi-
larly, HOMA-IR in quartile 3 [odds ratio (OR), 95% 
CI 2.00 (1.13–3.54)] and quartile 4 [OR, 95% CI 3.76 
(2.06–6.84)] were also associated with increased risk of 
prediabetes compared to the first quartile of HOMA-
IR, respectively. In confounders adjusted models, being 
in the quartile 2–4 of Adipo-IR (risking 1.78, 1.74 
and 6.03-fold the risk, respectively), and quartile 4 of 
HOMA-IR (rising 2.01-fold the risk) remained as risk 
factors of prediabetes while quartile 3 of HOMA-IR no 
longer showed any association with prediabetes.

In primary analysis, distribution of the three indices 
of β-cell function was statistically significant. Multivar-
iate model results showed that only FCPRI in quartile 
3 and quartile 4 were associated with 1.81- and 2.20-
fold the risk of prediabetes compared to the first quar-
tile of FCPRI. However, no association between FCPRI 
and prediabetes was found after confounders adjusted 
(Table 2).
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Table 1  General characteristics of study population by glucose tolerance

Variables NGT
n = 263

Prediabetes
n = 161

T2DM
n = 85

P Ptrend

Age (years) 59.4 ± 6.6 60.4 ± 7.4 62.7 ± 6.1a, b 0.001 < 0.001

BMI (kg/m2) 22.2 ± 2.8 23.4 ± 2.9a 23.7 ± 2.9a < 0.001 < 0.001

WHR 0.89 ± 0.06 0.92 ± 0.10a 0.93 ± 0.06a < 0.001 < 0.001

Female (n, %) 143 (54.4) 78 (48.4) 52 (61.2) 0.154 0.153

Education (n, %) 0.135 0.124

 Primary school and below 157 (59.7) 91 (56.5) 62 (71.9)

 Middle school 76 (28.9) 53 (32.9) 17 (20.0)

 High school and above 30 (11.4) 17 (10.6) 6 (7.1)

Smoking status (n, %) 0.163 0.158

 Non-smoker 165 (62.7) 93 (57.8) 55 (64.7)

 Ever-smoker 28 (10.7) 29 (18.0) 1 (16.5)

 Current-smoker 70 (26.6) 39 (24.2) 16 (18.8)

Drinking status (n, %) 0.029 0.026

 Non-drinker 118 (44.9) 66 (41.0) 49 (57.7)

 Ever-drinker 17 (6.4) 4 (2.5) 4 (4.7)

 Current-drinker 128 (48.7) 91 (56.5) 32 (37.6)

LDL-C (mmol/L) 2.50 ± 0.67 2.73 ± 0.72a 2.64 ± 0.76 0.003 0.015

HDL-C (mmol/L) 1.34 ± 0.32 1.31 ± 0.33 1.34 ± 0.38 0.740 0.785

TG (mmol/L) 1.42 ± 0.90 1.78 ± 1.14a 2.01 ± 1.50a < 0.001 < 0.001

TC (mmol/L) 4.77 ± 0.85 5.14 ± 0.94a 5.20 ± 1.00a < 0.001 < 0.001

HbA1c (%) 5.52 ± 0.34 5.65 ± 0.32 6.72 ± 0.71a, b < 0.001 < 0.001

FPG (mmol/L) 5.24 ± 0.37 5.55 ± 0.49 7.43 ± 0.57a, b < 0.001 < 0.001

2 h-PG (mmol/L) 6.26 ± 1.05 8.90 ± 1.20a 13.92 ± 1.38a, b < 0.001 < 0.001

SBP (mmHg) 120.6 ± 15.8 127.2 ± 13.2a 130.7 ± 16.2a < 0.001 < 0.001

DBP (mmHg) 71.1 ± 9.2 74.5 ± 7.9a 75.4 ± 8.4a < 0.001 < 0.001

Adipo-IR

 Q1 (≤ 1.52) 92 (35.0) 23 (14.3) 11 (12.9) < 0.001 < 0.001

 Q2 (1.53–2.37) 68 (25.9) 40 (24.8) 13 (15.3)

 Q3 (2.38–3.70) 68 (25.9) 42 (26.1) 20 (23.5)

 Q4 (≥ 3.71) 35 (13.3) 56 (34.8) 41 (48.2)

HOMA-IR

 Q1 (≤ 0.87) 82 (31.2) 28 (17.4) 11 (12.9) < 0.001 < 0.001

 Q2 (0.88–1.29) 76 (28.9) 38 (23.6) 8 (9.4)

 Q3 (1.30–1.91) 66 (25.1) 45 (28.0) 23 (27.1)

 Q4 (≥ 1.92) 39 (14.8) 50 (31.0) 43 (50.6)

HOMA-β

 Q1 (≤ 40.12) 59 (22.4) 36 (22.3) 43 (50.6) < 0.001 0.135

 Q2 (40.13–56.04) 76 (28.9) 33 (20.5) 17 (20.0)

 Q3 (56.05–80.23) 69 (26.3) 45 (28.0) 10 (11.8)

 Q4 (≥ 80.24) 59 (22.4) 47 (29.2) 15 (17.6)

Fasting CPRI

 Q1 (≤ 1.16) 70 (26.6) 30 (18.6) 28 (32.9) 0.005 0.005

 Q2 (1.17–1.48) 77 (29.3) 32 (19.9) 25 (29.4)

 Q3 (1.49–1.92) 62 (23.6) 48 (29.8) 14 (16.5)

 Q4 (≥ 1.93) 54 (20.5) 51 (31.7) 18 (21.2)

Postprandial CPRI

 Q1 (≤ 4.41) 54 (20.5) 31 (19.3) 36 (42.4) < 0.001 < 0.001

 Q2 (4.42–5.53) 62 (23.6) 48 (29.8) 10 (11.8)

 Q3 (5.54–7.08) 69 (26.2) 44 (27.3) 7 (8.3)

 Q4 (≥ 7.09) 78 (29.7) 38 (23.6) 3 (3.5)
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β‑Cell function but not insulin resistance is associated 
with T2DM
To examine whether insulin resistance and β-cell func-
tion were differentially associated with T2DM, we 
included only the subjects with prediabetes and T2DM. 
As shown in Table 2, neither HOMA-IR nor Adipo-IR 
were associated with T2DM in unadjusted model and 
confounders adjusted model.

For the three indices of β-cell function, compared 
to those counterparts in the first quartile, being in the 
second, third and fourth quartiles of HOMA-β showed 
0.43-, 0.19- and 0.27-fold the risk of T2DM, being in 
the third and fourth quartile of FCPRI showed 0.31- 
and 0.38-fold the risk, and being in the quartile 2–4 of 

PCPRI showed 0.18-, 0.14- and 0.07-fold the risk. Being 
in the quartile 3 and 4 of HOMA-β (reducing 0.89- and 
0.78-fold the risk), quartile 3 and 4 of FCPRI (reducing 
0.76- and 0.74-fold the risk), and quartile 2–4 of PCPRI 
(reducing 0.84-, 0.78- and 0.92-fold the risk, respec-
tively) remained as protective factors of T2DM, after 
adjusting for sex, age, BMI, drinking status, LDL-C and 
HbA1c (Table 2).

Discussion
In this study, although we showed that from normal glu-
cose tolerance to prediabetes and diabetes, the insulin 
resistance (HOMA-IR and Adipo-IR) and β-cell function 

Table 1  (continued)
Data are expressed as mean ± SD or number (percentage). P: from analysis of variance; Ptrend: from test for linearity. Differences among three glucose tolerance groups 
were analyzed by Bonferroni-Dunn post hoc test
a  Statistically significant vs. NGT
b  Statistically significant vs. prediabetes

Table 2  Association of indices of insulin resistance and β-cell function to glucose tolerance status

P and OR: from multivariate logistic regression analysis. The adjusted model included sex, age, BMI, drinking status, LDL-C and HbA1c

Statistically significance values are in italics (p < 0.05)

Variables Prediabetes vs. NGT T2DM vs. prediabetes

Crude OR (95% CI) Adjusted OR (95% CI) Crude OR (95% CI) Adjusted OR (95% CI)

Adipo-IR

 Q1 (≤ 1.52) Ref. Ref. Ref. Ref.

 Q2 (1.53–2.37) 2.35 (1.29–4.29) 2.78 (1.44–5.38) 0.68 (0.26–1.76) 0.71 (0.21–2.38)

 Q3 (2.38–3.70) 2.47 (1.36–4.49) 2.74 (1.37–5.46) 1.00 (0.41–2.44) 0.84 (0.26–2.78)

 Q4 (≥ 3.71) 6.40 (3.43–11.92) 7.03 (3.23–15.32) 1.53 (0.67–3.49) 1.74 (0.51–5.96)

HOMA-IR

 Q1 (≤ 0.87) Ref. Ref. Ref. Ref.

 Q2 (0.88–1.29) 1.46 (0.82–2.61) 1.31 (0.68–2.50) 0.54 (0.19–1.51) 0.32 (0.09–1.09)

 Q3 (1.30–1.91) 2.00 (1.13–3.54) 1.77 (0.87–3.60) 1.30 (0.55–3.07) 0.85 (0.28–2.61)

 Q4 (≥ 1.92) 3.76 (2.06–6.84) 3.01 (1.40–6.48) 2.19 (0.98–4.91) 0.74 (0.22–2.46)

HOMA-β

 Q1 (≤ 40.12) Ref. Ref. Ref. Ref.

 Q2 (40.13–56.04) 0.71 (0.40–1.27) 0.62 (0.33–1.19) 0.43 (0.21–0.90) 0.45 (0.17–1.22)

 Q3 (56.05–80.23) 1.07 (0.61–1.87) 0.90 (0.46–1.76) 0.19 (0.08–0.42) 0.11 (0.04–0.34)

 Q4 (≥ 80.24) 1.31 (0.74–2.30) 0.87 (0.41–1.86) 0.27 (0.13–0.56) 0.22 (0.08–0.66)

Fasting CPRI

 Q1 (≤ 1.16) Ref. Ref. Ref. Ref.

 Q2 (1.17–1.48) 0.97 (0.54–1.76) 0.73 (0.39–1.38) 0.84 (0.40–1.74) 1.00 (0.38–2.64)

 Q3 (1.49–1.92) 1.81 (1.02–3.19) 1.25 (0.65–2.41) 0.31 (0.14–0.69) 0.24 (0.07–0.75)

 Q4 (≥ 1.93) 2.20 (1.24–3.91) 1.27 (0.61–2.66) 0.38 (0.18–0.80) 0.26 (0.08–0.83)

Postprandial CPRI

 Q1 (≤ 4.41) Ref. Ref. Ref. Ref.

 Q2 (4.42–5.53) 1.35 (0.76–2.41) 1.14 (0.60–2.13) 0.18 (0.08–0.41) 0.16 (0.06–0.46)

 Q3 (5.54–7.08) 1.11 (0.62–1.99) 0.78 (0.41–1.48) 0.14 (0.05–0.35) 0.22 (0.08–0.63)

 Q4 (≥ 7.09) 0.85 (0.47–1.53) 0.55 (0.28–1.07) 0.07 (0.02–0.24) 0.08 (0.02–0.31)
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(FCPRI, PCPRI) were getting deterioration (Ptrend < 0.05 
for all indices), only insulin resistance was differentially 
distributed between NGT and prediabetes, and β-cell 
function was differentially distributed between predia-
betes and diabetes, indicating that insulin resistance and 
β-cell dysfunction were the determinant of developing 
prediabetes and diabetes, respectively.

Insulin resistance is a well-established major cause 
for abnormal glucose metabolism. Some studies have 
observed an increased insulin resistance in impaired 
glucose tolerance (IGT) and T2DM patients [19, 20]. 
When HOMA-IR as a validated index for insulin resist-
ance has been widely studied, there are only two reports 
on adipose tissue insulin resistance in the natural his-
tory of T2DM, one in obese adolescents and the other 
in the population of South Texas [7, 21]. Adipose tissue 
is an endocrine organ able to influence both systemic 
inflammation and metabolic homoeostasis. One action 
of the insulin on adipose tissue is suppressing triglyceride 
hydrolysis and release of FFA and glycerol into the circu-
lation [22]. The lipolysis suppression effect was weakened 
in the case of adipose tissue insulin resistance, resulting 
in excess FFA delivery to other tissues and thus contrib-
uting to ectopic fat deposition [23]. Moreover, strength-
ened lipolysis induced by adipose tissue insulin resistance 
may be a key mediator in the early stages of metabolic 
derangements, as excess FFA has been shown to impair 
muscle insulin signaling, promote hepatic gluconeogen-
esis and impair glucose-stimulated insulin response, all 
of which is detrimental to whole-body insulin sensitivity 
and metabolism [24–26]. Recently, Adipo-IR, a simple 
index calculated as fasting insulin × fasting FFA, has been 
validated against the gold standard measurement method 
(that is, measurement of the rate of appearance (Ra) of 
glycerol during hyperinsulinemic-euglycemic clamp con-
ditions and the multistep pancreatic clamp technique), 
and the index turned out to be a good predictor of a gold 
standard measure of adipose tissue insulin sensitivity [27, 
28]. In consistence with the study of Gastaldelli et al., we 
found that with the stage of abnormal glucose metabo-
lism advancing, the level of Adipo-IR deteriorated. 
Furthermore, Adipo-IR had stronger association with 
prediabetes than HOMA-IR. One plausible explanation 
might be that adipose tissue insulin resistance can pro-
mote ectopic fat deposition, resulting in more fat tissue 
thus causing elevated adipose tissue insulin resistance 
while promoting insulin resistance in the muscle and 
liver, all of which plays a critical role in the pathological 
process of abnormal glucose metabolism.

Although T2DM has been considered merely a defi-
cit of insulin action over the past few decades, dimin-
ished β-cell function is now widely recognized as a core 
feature of T2DM after Butler et  al. and other groups 

reported β-cell deficit with reduced β-cell mass in 
T2DM patients [29, 30]. Our study showed that higher 
level of PCPRI is associated with significant lower risk 
of T2DM in prediabetes individuals. Insulin secretion 
increases in the postprandial state as a response to the 
stimulation of elevated glucose level and incretin [31]. 
This makes PCPRI a more reliable indicator of the 
maximal insulin secretory capacity compared to FCPRI 
and HOMA-β, especially in patients with T2DM. Fur-
thermore, previous studies have reported that PCPRI 
showed strongest correlation to β-cell area compared to 
FCPRI and HOMA-β, in which they also described the 
observation that β-cell area was significantly different 
between IGT and T2DM (P < 0.01) and between NGT 
and T2DM (P < 0.01) [32]. Considering the close rela-
tion between β-cell mass and PCPRI, this observation 
might be an explanation for the strong negative asso-
ciation with T2DM in both NGT and prediabetes. The 
clinical potential of CPRI in T2DM has been explored 
in previous studies. Peacock and Tattersall reported 
almost three decades ago that FCPRI can help predict 
the response to insulin in patients on insulin therapy 
[33]. Recent researches have expended the utility of 
FCPRI to predicting both the future requirements for 
insulin and achievement of the good glycemic control 
by insulin [34–36]. Moreover, PCPRI showed better 
predictive performance than FCPRI. PCPRI has been 
reported to predict the requirement for multiple daily 
insulin injections in patients with T2DM and that this 
index was more useful for predicting treatment strate-
gies such as oral anti-diabetic agents and insulin ther-
apy than other C-peptide indices [37, 38]. All these 
studies showed that PCPRI has a clinical potential in 
indicating insulin therapy and achieving target glucose 
control in T2DM, and the result of ours showed that 
PCPRI can also be utilized to show the risk of progress-
ing to T2DM in middle-aged and elderly individuals.

The present study has several limitations. First, the 
cross-sectional design makes it unable to infer cau-
sality from the associations observed, although the 
important role that insulin resistance and β-cell dys-
function played in the pathology of diabetes has been 
well illustrated in previous studies. Secondly, partici-
pants in our study were middle-aged and elderly Chi-
nese adults, so whether these results can be applied 
in other age groups or other races need to be further 
validated. Despite these limitations, our study is among 
the first to explore the characteristics of Adipo-IR and 
CPRI in the natural history of T2DM in Chinese popu-
lation, and we showed that Adipo-IR and PCPRI, both 
of which were simple to calculate, have great clinical 
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potentials for identifying high-risk individuals of pre-
diabetes and T2DM in middle-aged and elderly Chinese 
adults.

Conclusions
Our study shows that insulin resistance and β-cell func-
tion impairment existed in prediabetes. Moreover, insulin 
resistance and β-cell function were the main determinant 
of developing prediabetes and T2DM, respectively. Our 
study indicates that the status of insulin resistance maybe 
a key point in the development of NGT to prediabetes, 
and that in the status of prediabetes, it is of great impor-
tance to reserve the β-cell function to prevent further 
deterioration.
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