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Abstract
Aims/hypothesis Insulin clearance may decline as an early
mechanism compensating for deteriorating insulin sensitiv-
ity. However, no previous studies have investigated the
association between subclinical inflammation or impaired
fibrinolysis and insulin clearance. We examined the associ-
ation between plasminogen activator inhibitor (PAI)-1, C-
reactive protein (CRP), TNF-α, leptin and fibrinogen and
the progression of metabolic clearance rate of insulin
(MCRI) over time.

Methods We studied 784 non-diabetic white, Hispanic and
African-American individuals in the Insulin Resistance Ath-
erosclerosis Study (IRAS). Insulin sensitivity, acute insulin
response and MCRI were determined from frequently sam-
pled intravenous glucose tolerance tests at baseline and at 5-
year follow-up. Inflammatory and fibrinolytic proteins were
measured in fasting plasma at baseline.
Results MCRI had declined significantly by 29% at the 5-
year follow-up.We observed a significant association between
higher plasma PAI-1 levels and the decline in MCRI in
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multivariable-adjusted regression models (β0−0.045 [95%
CI −0.081, −0.0091]). Higher plasma CRP and leptin levels
were associated with a decline inMCRI in unadjusted models,
but these associations were non-significant after adjusting for
BMI and waist circumference (β0−0.016 [95% CI −0.041,
0.0083] for CRP; β0−0.044 [95% CI −0.10, 0.011] for leptin).
A higher plasma TNF-α concentration was associated with a
decline in MCRI in unadjusted (β0−0.071 [95% CI −0.14,
−0.00087]) but not in multivariable-adjusted (β0−0.056 [95%
CI −0.13, 0.017]) models. Plasma fibrinogen level was not
associated with the change in MCRI.
Conclusions/interpretation We identified that higher plasma
PAI-1 (but not CRP, TNF-α, leptin or fibrinogen) levels
independently predicted the progressive decline of insulin
clearance in the multiethnic cohort of the IRAS.

Keywords C-reactive protein . Fibrinogen . Leptin .

Metabolic clearance of insulin . Plasminogen activator
inhibitor-1 . TNF-α

Abbreviations
AIR Acute insulin response
ALT Alanine aminotransferase
CRP C-reactive protein
FSIGTT Frequently sampled intravenous glucose

tolerance test
IRAS Insulin Resistance Atherosclerosis Study
MCRI Metabolic clearance rate of insulin
NHANES National Health and Nutrition Examination

Survey
PAI-1 Plasminogen activator inhibitor-1
SI Insulin sensitivity

Introduction

Insulin resistance and beta cell dysfunction have long been
recognised as critical pathophysiological disorders underlying
type 2 diabetes. Risk factors for these important metabolic traits
have also been extensively researched [1, 2]. Insulin clearance
is an integrated part of the metabolism of insulin, and reduced
insulin clearance serves as an adaptive mechanism in response
to insulin resistance to preserve beta cell function in impaired
glucose tolerance states [3]. However, the determinants of
reduced insulin clearance have not been well studied.

It is well established that type 2 diabetes is associated with
low-grade inflammation involving a cytokine-mediated acute-
phase response and other inflammatory processes related to
obesity [4]. In addition, impaired fibrinolysis has been linked
to type 2 diabetes [5]. Previous prospective studies have
demonstrated that inflammatory and fibrinolytic proteins pre-
dict incident diabetes [6–8]. The secretion, sensitivity and

clearance of insulin are closely related physiological process-
es. Subclinical inflammation and impaired fibrinolysis may
act through insulin resistance [9–11] and possibly beta cell
dysfunction to impact on insulin clearance, hence increasing
the risk of diabetes.

To our knowledge, no studies have investigated the asso-
ciation of subclinical inflammation and impaired fibrinolysis
to insulin clearance. Exploring these relationships is crucial in
order to gain insight into potential pathophysiological mech-
anisms for the development of diabetes. We therefore aimed to
examine the association between inflammatory and fibrino-
lytic proteins at baseline, including plasminogen activator
inhibitor (PAI)-1, C-reactive protein (CRP), TNF-α, leptin
and fibrinogen, and the change in metabolic clearance rate
of insulin (MCRI) at 5-year follow-up in the Insulin Resis-
tance Atherosclerosis Study (IRAS).

Methods

Study population The study population comprised partici-
pants in the IRAS, a multicentre epidemiological study
designed to investigate the relationships between insulin re-
sistance and atherosclerosis, as well as known risk factors for
these conditions, among non-Hispanic white, Hispanic and
African-American individuals. Between October 1992 and
April 1994, IRAS recruited 1,625 participants from four clin-
ical centres located in San Antonio, TX, San Luis Valley, CO,
Oakland, CA and Los Angeles, CA, USA. The recruitment
strategy aimed to identify sufficient numbers of participants in
each ethnic, age, sex and glucose tolerance group to allow for
comparison between and within these groups. Although the
IRAS investigators purposely oversampled individuals with
impaired glucose tolerance, 44% of the study population had
normal glucose tolerance at baseline. In addition, the fasting
blood glucose levels in the IRAS were comparable to those in
the second National Health and Nutrition Examination Survey
(NHANES II) in participants with normal or impaired glucose
tolerance [12]. The institutional review boards at each site
approved the study protocol, and all participants provided
written informed consent.

The current analysis included 784 non-diabetic partici-
pants who attended both the baseline and follow-up exami-
nations. Participants with prevalent diabetes at baseline
(n0537) and missing data on MCRI from either examina-
tion (n0304) were excluded from the study. Among the 304
participants without MCRI data, 191 did not attend the
follow-up examinations. MCRI was not determined at base-
line or follow-up examination in the remaining 113 partic-
ipants due to technical issues. The characteristics of these
304 participants at baseline were similar to those with data
on MCRI in term of age, sex, ethnicity, BMI and glucose
tolerance status.
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Clinical measurements and procedures The IRAS protocol
required two visits, 1 week apart. Both baseline and follow-
up examinations were conducted in the morning using iden-
tical procedures. Participants were asked before each visit to
fast for 12 h, to abstain from alcohol and heavy exercise for
24 h, and to abstain from smoking on the morning of the
examination. The duration of fasting was recorded and
confirmed by asking ‘What time and date did you last eat
and/or drink anything other than water, including candy and
chewing gum?’ No participants were excluded from the
study because they did not fast properly.

During the first visit, a 75-g OGTT was administered.
During the second visit, insulin sensitivity (SI), acute insulin
response (AIR) and MCRI were determined from a fre-
quently sampled intravenous glucose tolerance test
(FSIGTT), with two modifications to the original protocol
[13]. First, insulin, instead of tolbutamide, was injected to
ensure adequate levels of plasma insulin to calculate SI
accurately across a broad range of glucose tolerance [14].
Second, a reduced sampling protocol, using 12 instead of 30
samples, was followed for pragmatic reasons [15]. Insulin
resistance, expressed as SI, was calculated using minimal
model analysis. Insulin secretion was measured by AIR,
defined as the average increase in plasma insulin at time
points 2 and 4 min after infusing glucose [16]. MCRI was
calculated as the ratio of the insulin dose to the incremental
area under the curve of insulin from 20 min to infinity [17]
using the following equation:

Clearance l min=ð Þ ¼ Dose� 1000
R1
t¼20 InsðtÞ � Insð0Þð Þ

where Dose represents the amount of insulin injected at
20 min, Ins(t) the plasma insulin concentration at each
FSIGTT sampling point, and Ins(0) the fasting plasma insu-
lin concentration determined before injecting glucose during
the FSIGTT.

Anthropometric measurements (height, weight and waist
circumference) and resting blood pressure were taken. BMI
was calculated as weight in kilograms divided by the square
of the height in metres. All measurements were taken in
duplicate following standardised procedures, and the aver-
ages of these measurements were used in the analyses.
Participants provided information on demographics (age,
sex and ethnicity), lifestyle factors (smoking, alcohol con-
sumption and energy expenditure) and family history of
diabetes in validated questionnaires by self-report [12].

Biochemical analysis Participants provided a fasting blood
draw at each examination. Plasma glucose was measured
using the glucose oxidase technique on an autoanalyser
(Yellow Springs Equipment, Yellow Springs, Ohio, USA).

Plasma samples to be used for the measurement of inflam-
matory and fibrinolytic proteins were prepared, frozen and
stored at −70°C at the study centres within 90 min of the
blood draw. Frozen samples were shipped on a monthly
basis to the Laboratory for Clinical Biochemistry Research
at the University of Vermont for measurement [6].

PAI-1 was determined in citrated plasma using a two-site
immunoassay that was sensitive to free PAI-1, but not to PAI-1
complexed with tissue plasminogen activator, with a CV of
14.0% [18]. Plasma CRP was measured by an in-house ultra-
sensitive competitive immunoassay, with an interassay CVof
8.9% [19]. Following the original method of Clauss [20],
fibrinogen was measured in citrated plasma with a modified
clot-rate assay using the Stago ST4 instrument (Diagnostica,
Parsippany, NJ, USA), with a CVof 3.0% [21]. Plasma leptin
was measured using radioimmunoassay, with an interassay
CV of 7.0% [22]. TNF-α was measured in citrated plasma
using a Quantikine HS Human TNF-α immunoassay (R&D
Systems, Minneapolis, MN, USA) [23]. Plasma lipids and
lipoproteins, including triacylglycerol and HDL-cholesterol,
were determined using methods from the Lipid Research
Clinics [24]. Alanine aminotransferase (ALT) was determined
by enzymatic colorimetric assay [25].

Statistical analysis We summarised the characteristics of
participants stratified by thirds of the MCRI distribution at
baseline, using median and interquartile range for continu-
ous variables, and percentages for categorical variables. We
used ANOVA, Kruskal–Wallis tests and χ2 tests to deter-
mine whether continuous and categorical variables differed
across the distribution of MCRI.

Since the distributions of PAI-1, CRP, TNF-α, SI, AIR
and MCRI (at baseline and at follow-up) were skewed, we
transformed them using loge for normality. Because of the
presence of zero values for SI in the data, we added a
constant of 1 to all values before log-transformation. We
used unadjusted and multivariable linear regression to ex-
plore the association between PAI-1, CRP, TNF-α, leptin
and fibrinogen at baseline as continuous exposures, and the
change in MCRI between two examinations as continuous
outcomes. In regression models, we modelled MCRI at
follow-up as the continuous outcome, and adjusted for
MCRI at baseline simultaneously to determine the estimates
for the change in MCRI between two examinations. We
presented the regression coefficients (β) with their 95% CIs.

We included covariates in multivariable models if they
were associated with both the exposure and the outcome, or
if they were of a priori clinical relevance. Potential confound-
ers included age, sex, ethnicity, smoking, alcohol consump-
tion, energy expenditure, family history of diabetes, BMI,
waist circumference, HDL-cholesterol, triacylglycerol, ALT,
fasting blood glucose, SI and AIR. Multivariable-adjusted
regression models were based on 784 participants with data
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on MCRI at baseline and at follow-up; sample sizes in full
multivariate models ranged from 750 to784 due to occasional
missing values on exposures and covariates. We examined the
interaction of each of the inflammatory and fibrinolytic pro-
teins with age, sex, ethnicity, BMI, SI, AIR and glycaemic
status at baseline on the difference in MCRI between exami-
nations. We plotted the frequency distribution of the yearly
change in MCRI from baseline to 5-year follow-up.

In sensitivity analyses, we additionally adjusted for the
use of glucose-lowering medications and incident diabetes
to determine whether these variables were confounders. To
test the robustness of the association between plasma PAI-1
and the change in MCRI, we also adjusted for plasma CRP
in this multivariable-adjusted regression model. Statistical
analyses were performed using STATA 12.0 (StataCorp,
College Station, TX, USA).

Results

The current study included 784 non-diabetic individuals
who had measurements of MCRI at both baseline and
follow-up examinations in the IRAS cohort. Participants
had an average age of 55 years (interquartile range 47–
62 years), and 45% were women. The ethnic distribution
values for non-Hispanic white, African-American and His-
panic individuals were 40%, 25% and 34%, respectively.
The median MCRI was 5.28 l/min (interquartile range 3.92–
7.10 l/min) at baseline.

Characteristics of the study population by thirds of the
distribution of MCRI at baseline are shown in Table 1.
Demographics, for example age, sex and lifestyle factors
such as alcohol consumption and smoking, were similar
between thirds of the MCRI distribution. Participants with
an MCRI in the bottom third of the baseline distribution, i.e.
those with the lowest insulin clearance, were, compared
with those in the top third, more likely to be Hispanic, have
a family history of diabetes and have a lower energy expen-
diture. In addition, these participants had higher values of
BMI, waist circumference, plasma triacylglycerol, systolic
blood pressure, fasting blood glucose and AIR, but lower
values of SI and HDL-cholesterol. At baseline, the median
levels of plasma inflammatory and fibrinolytic proteins were
327 pmol/l for PAI-1, 16.2 nmol/l for CRP, 3.4 ng/l for
TNF-α, 7.9 μmol/l for fibrinogen and 12.7 μg/l for leptin.

The median duration of follow-up was 5.2 years (inter-
quartile range 5.0–5.4 years). MCRI declined by 29% be-
tween the baseline and 5-year follow-up examinations
(p<0.001). The median decline of MCRI per year was
0.28 l/min (interquartile range 0.55–0.066 l/min). More than
50% of the participants had a yearly decline in MCRI in the
range 0.01–0.50 l/min (Fig. 1). At follow-up, 124 partici-
pants were found to have a diagnosis of type 2 diabetes.

Among these participants, 49 were taking glucose-lowering
medications. Values of waist circumference and BMI were
significantly higher, whereas values of SI were significantly
lower. In addition, participants reported smoking less and
having lower energy expenditure.

Higher PAI-1 values were associated with a decline in
MCRI in unadjusted regression models (β0−0.060 [95%
CI −0.092, −0.028]; p<0.001). The association remained
significant after adjusting for age, sex, ethnicity, alcohol con-
sumption, smoking, energy expenditure, family history of
diabetes, HDL-cholesterol, triacylglycerol, ALT, BMI, waist
circumference, fasting blood glucose, SI and AIR (β0−0.045
[95% CI −0.081, −0.0091]; p00.014). In unadjusted linear
regression analysis, higher plasma CRP levels were asso-
ciated with a significant decline in MCRI (β0−0.035 [95%
CI −0.059, −0.011]; p00.004). The association remained sig-
nificant after adjusting for demographic factors (β0−0.046
[95% CI −0.071, −0.021]; p<0.001). However, additional
adjustment for BMI and waist circumference attenuated the
association to non-significance (β0−0.016 [−0.041, 0.0083]).
Similarly, we observed a significant association between
increased plasma leptin and decline in MCRI in an unadjusted
linear regression model (β0−0.035 [95%CI −0.066, −0.0041];
p00.026) and after adjusting for demographic characteristics
(β0−0.15 [95% CI −0.19, −0.099]; p<0.001). The association
was no longer statistically significant after adjusting for BMI
and waist circumference (β0−0.044 [95% CI −0.10, 0.011]).

Higher plasma TNF-α was associated with a decline of
MCRI in unadjusted regression models (β0−0.071 [95%
CI −0.14, −0.00087]; p00.047) and in models adjusted for
age, sex and ethnicity (β0−0.12 [95% CI −0.20, −0.048];
p00.001). Adjusting for BMI and waist circumference at-
tenuated the association, but it remained statistically signif-
icant (β0−0.085 [95% CI −0.16, −0.014]; p00.020).
However, the association was not significant after further
adjustment for HDL-cholesterol, triacylglycerol and ALT
(β0−0.056 [95% CI −0.13, 0.016]). Fibrinogen was not
associated with the change in MCRI (Table 2). We did not
find significant interactions between any of the inflamma-
tory proteins and age, sex, ethnicity, BMI, SI, AIR or gly-
caemic status at baseline in terms of the change in MCRI
over time. In sensitivity analysis, including the use of
glucose-lowering medications and incident diabetes, or plas-
ma CRP, in the multivariable-adjusted regression models did
not materially change the significant association between
plasma PAI and the decline in MCRI.

Discussion

In non-diabetic individuals participating in the IRAS, higher
plasma PAI-1 level at baseline was associated with lower
MCRI at 5-year follow-up. The significant association
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remained after adjusting for MCRI at baseline, demographic
factors, lifestyle factors and established risk factors for
diabetes, including BMI and directly measured SI. We ob-
served an inverse association of plasma CRP and leptin at
baseline with MCRI at follow-up, but these associations

were confounded by indexes of obesity and abdominal
adiposity, i.e. BMI and waist circumference. We also ob-
served that the inverse association between plasma TNF-α
at baseline and the MCRI at follow-up was confounded by
HDL-cholesterol, triacylglycerol and ALT values. Plasma
fibrinogen was not associated with the change in MCRI. To
our knowledge, this is the first study to investigate the
association of plasma inflammatory and fibrinolytic proteins
with the dynamic change of MCRI over time.

It is well established that higher plasma PAI-1 is a central
feature of metabolic syndrome [26], and higher levels pre-
vail through the continuum of insulin resistance, from im-
paired glucose tolerance to diabetes [27]. Previous
observations from the IRAS cohort showed that both plasma
PAI-1 at baseline and the progression of plasma PAI-1 over
time predicted incident type 2 diabetes, independent of
known risk factors for diabetes [6, 28]. Pharmaceutical and
lifestyle interventions to treat diabetes, such as dietary mod-
ification and weight reduction [29], metformin [30], thiazo-
lidinedione [31] and insulin [32] have been shown to
decrease plasma PAI-1. In this study, however, when we
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Fig. 1 Frequency distribution of the yearly change in MCRI (l/min)
between baseline and 5 year follow-up examination. Categories for the
yearly change in MCRI (l/min): 1, minimum to −2.00; 2, 1.99 to −1.50;
3, 1.49 to −1.00; 4, −0.99 to −0.50; 5, −0.49 to 0; 6, 0.01 to 0.50; 7,
0.51 to maximum

Table 1 Characteristics of non-diabetic participants in the IRAS, stratified by the distribution of MCRI at baseline

Variable n Bottom third Middle third Top third p value

Metabolic clearance of insulin (l/min) 784 3.47 (2.79, 3.92) 5.28 (4.79, 5.71) 8.01 (7.11, 9.76)

Age (years) 784 54 (46, 61) 55 (48, 63) 55 (49, 63) 0.23

Sex (% female) 784 53.8 57.5 53.6 0.61

Ethnicity (%)

Non-Hispanic white 32.1 38.7 49.8

African-American 784 25.6 29.5 21.1 <0.001

Hispanic 42.4 31.8 29.1

Family history of diabetes (%) 784 47.0 42.2 31.4 0.001

Current drinker (%) 784 74.4 72.7 74.0 0.79

Current smoker (%) 784 11.8 13.8 14.6 0.90

Total energy expenditure (kJ kg−1day−1) 780 158 (150, 177) 161(149, 181) 164 (152, 186) 0.026

BMI (kg/m2) 783 30.1 (27.7, 35.9) 27.2 (25.2, 29.6) 25.2 (23.2, 27.4) <0.0001

Waist circumference (cm) 782 97.7 (90.0, 104.5) 89.1 (80.9, 95.3) 84.3 (76.0, 91.0) <0.0001

Triacylglycerol (mmol/l) 781 1.55 (1.10, 2.08) 1.15 (0.84, 1.76) 1.08 (0.82, 1.59) <0.0001

HDL-cholesterol (mmol/l) 782 1.01 (0.85, 1.24) 1.17 (0.95, 1.37) 1.27 (1.06, 1.58) <0.0001

Systolic blood pressure (mmHg) 784 121 (111, 135) 119 (109, 131) 118 (108, 130) 0.015

Fasting blood glucose (mmol/l) 781 5.49 (5.16, 5.99) 5.38 (5.05, 5.77) 5.22 (4.94, 5.72) <0.0001

AIR (pmol/l) 784 461 (248, 734) 308 (153, 493) 176 (99.3, 317) <0.0001

SI ×10
−4min−1 (pmol/l)−1 766 0.14 (0.072, 0.20) 0.28 (0.20, 0.39) 0.57 (0.39, 0.80) <0.0001

CRP (nmol/l) 783 23.1 (13.4, 53.2) 15.8 (6.67, 25.8) 10.2 (5.43, 21.0) <0.0001

Fibrinogen (μmol/l) 780 8.14 (7.32, 9.32) 7.94 (7.03, 8.99) 7.70 (6.79, 8.58) <0.0001

Leptin (Cg/l) 750 20.3 (9.0, 33.2) 13.2 (6.2, 23.9) 8.0 (4.2, 16.6) <0.0001

PAI-1 (pmol/l) 779 462 (288, 692) 327 (173, 500) 250 (154, 365) <0.0001

TNF-α (ng/l) 783 3.79 (2.90, 4.73) 3.32 (2.50, 4.27) 3.21 (2.55, 4.03) <0.0001

ALT (μkat/l ) 781 1176 (824, 1647) 882 (647, 1176) 834 (529, 1118) <0.0001

Impaired glucose tolerance (%) 784 43.1 31.4 23.4 <0.0001

Data are medians (interquartile range) or n (%)
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included incident diabetes and use of glucose-lowering
medications in the regression models, we observed minimal
change in the magnitude of the association between plasma
PAI-1 and reduced MCRI.

The association between higher plasma PAI-1 and reduced
MCRI may be mediated by inflammation. In sensitivity anal-
yses, however, adjusting for plasma CRP level did not alter the
significant association between higher plasma PAI-1 values
and the decline in MCRI. This observation provides further
support for a mechanism specific to PAI-1, which may repre-
sent an as yet unmeasured inflammatory mechanism. It has
also been suggested that higher PAI-1 values indicate

compromised fibrinolysis more than an inflammatory process
[28]. Tissue plasminogen activator antigen, which is less
variable than plasma PAI-1, has been shown to predict inci-
dent type 2 diabetes [33] and gestational diabetes [34]. There-
fore, it is possible that the association between plasma PAI-1
and the decline in MCRI that we observed was linked to the
PAI-1 and tissue plasminogen activator antigen complex,
through a mechanism involving impaired fibrinolysis.

It is conceivable that the association between higher plasma
PAI-1 and reduced insulin clearance over time may reflect
hepatic dysfunction, given both the primary role of the liver in
insulin clearance [35] and the association of liver injury with

Table 2 Estimated regression coefficients (95% CI) for the association between plasma inflammatory proteins at baseline and at 5-year follow-up
in the IRAS

Outcome: follow-up loge(MCRI) β coefficient (95% CI) p value

Loge(CRP) (n0783)

Adjusted for baseline loge(MCRI) −0.035 (−0.059, −0.011) 0.004

+age, sex, ethnicity −0.046 (−0.071, −0.021) <0.001

+BMI, waist circumference −0.016 (−0.041, 0.0083) 0.193

+smoking, alcohol consumption, energy expenditure, family history of diabetes −0.015 (−0.040, 0.0098) 0.234

+HDL, triacylglycerol, ALT −0.017 (−0.042, 0.0076) 0.174

+Fasting blood glucose, SI, AIR −0.013 (−0.038, 0.012) 0.311

Loge(PAI-1) (n0779)

Adjusted for baseline loge(MCRI) −0.060 (−0.092, −0.028) <0.001

+age, sex, ethnicity −0.096 (−0.13, −0.062) <0.001

+BMI, waist circumference −0.060 (−0.094, −0.026) 0.001

+smoking, alcohol consumption, energy expenditure, family history of diabetes −0.057 (−0.092, −0.022) 0.001

+HDL, triacylglycerol, ALT −0.047 (−0.083, −0.012) 0.009

+Fasting blood glucose, SI, AIR −0.045 (−0.081, −0.091) 0.014

Fibrinogen (n0780)

Adjusted for baseline loge(MCRI) −0.00040 (−0.00088, 0.000075) 0.099

+age, sex, ethnicity −0.00046 (−0.00095, 0.000028) 0.065

+BMI, waist circumference 0.000040 (−0.00044, 0.00052) 0.870

+smoking, alcohol consumption, energy expenditure, family history of diabetes 0.000077 (−0.00041, 0.00057) 0.758

+HDL, triacylglycerol, ALT 0.000066 (−0.00042, 0.00055) 0.791

+Fasting blood glucose, SI, AIR 0.000043 (−0.0044, 0.00053) 0.861

Loge(leptin) (n0750)

Adjusted for baseline loge(MCRI) −0.035 (−0.066, −0.0044) 0.026

+age, sex, ethnicity −0.15 (−0.19, −0.099) <0.001

+BMI, waist circumference −0.044 (−0.10, 0.011) 0.115

+smoking, alcohol consumption, energy expenditure, family history of diabetes −0.041 (−0.097, 0.014) 0.146

+HDL, triacylglycerol, ALT −0.059 (−0.11, −0.0037) 0.037

+Fasting blood glucose, SI, AIR −0.042 (−0.098, 0.014) 0.140

Loge(TNF-α) (n0779)

Adjusted for baseline loge(MCRI) −0.071 (−0.14, −0.00087) 0.047

+age, sex, ethnicity −0.12 (−0.20, −0.048) 0.001

+BMI, waist circumference −0.085 (−0.16, −0.014) 0.020

+smoking, alcohol consumption, energy expenditure, family history of diabetes −0.076 (−0.15, −0.0039) 0.039

+HDL, triacylglycerol, ALT −0.056 (−0.13, 0.016) 0.126

+Fasting blood glucose, SI, AIR −0.056 (−0.13, 0.017) 0.129
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higher plasma PAI-1 levels [36]. Although the significant
association remained after adjusting for ALT, transaminases
such as ALT are indirect measures of liver function, and we
may thus not be able to capture fully the role of liver disease in
the present study. As such, we might have observed a stronger
magnitude of attenuation had liver function been measured
directly, for example by liver biopsy. Although the liver is a
crucial site of lipid metabolism, adjusting for HDL-cholesterol
and triacylglycerol did not confound the association between
plasma PAI-1 and the decline in MCRI. Furthermore, plasma
PAI-1 has been significantly associated with degree of liver
steatosis [37], and it is possible that liver fat, which was not
measured directly in the IRAS, links plasma PAI-1 to reduced
insulin clearance.

We observed that the association between plasma CRP
and the decline in MCRI over time was significantly con-
founded by measures of obesity and abdominal adiposity,
but not by insulin resistance. Although a meta-analysis of 16
prospective studies demonstrated that plasma CRP was as-
sociated with the risk of incident type 2 diabetes, studies that
adjusted for abdominal adiposity reported a much weaker
association than those that did not make these adjustments,
indicating a possibility of residual confounding [7]. To
further support the notion that plasma CRP may not be
causally related to type 2 diabetes, CRP haplotypes showed
null associations with insulin resistance, glycaemia and risk
of diabetes in Mendelian randomisation [38]. Since insulin
clearance is closely related to insulin resistance [39], it is
unlikely that plasma CRP independently predicts the pro-
gressive decline of MCRI as shown in our data.

Similar to plasma CRP, the association between plasma
TNF-α and decline in MCRI was attenuated after adjusting
for BMI and waist circumference, as well as HDL-cholesterol
and triacylglycerol. TNF-α is an inflammatory adipokine
found primarily by monocytes and macrophages, and it plays
an important role in adipocyte function and obesity-related
insulin resistance [40]. There is an overproduction of TNF-α
in the adipose tissues of obese persons, and plasma TNF-α is
directly related to BMI and hyperinsulinaemia [41]. In addi-
tion, TNF-α is a potent regulator of lipid metabolism through
mechanisms that increase the synthesis of NEFA, promote
lipogenesis, induce lipolysis and inhibit enzymes related to
lipid metabolism [42], whereas elevated triacylglycerol and
decreased HDL-cholesterol levels are associated with insulin
resistance [43]. Cross-sectional studies have shown a positive
association between plasma TNF-α and insulin resistance [23,
44]. However, prospective studies on the association between
plasma TNF-α and incident diabetes have shown inconsistent
results, probably due to confounding by insulin resistance.
Although no previous studies have investigated the associa-
tion between plasma TNF-α and MCRI, the null association
that we observed is consistent with the literature on insulin
resistance.

Leptin is an adipocytokine secreted almost exclusively by
adipose tissues in proportion to total fat mass [45]. Higher
plasma leptin was associated with an acute-phase response
in individuals with type 2 diabetes, confirming its role as an
inflammatory marker [46]. A cross-sectional study involv-
ing 30 non-diabetic individuals of different ethnicities
(Chinese, Asian Indian and white) reported a significant
inverse association between plasma leptin and MCRI, inde-
pendent of BMI, WHR and percentage of body fat and
ethnicity; however, this study did not adjust for SI [47]. In
contrast, we observed that the association between plasma
leptin and change in MCRI over time was confounded by
BMI and waist circumference. Insulin clearance is a highly
heritable trait [48], so ethnic differences between the studies
in terms of metabolic characteristics such as plasma leptin
concentration, distribution of body fat and degree of SI and
clearance may exist. In addition, the prospective design of
our study may also explain the inconsistent findings with
respect to previous cross-sectional studies.

Our data showed that plasma fibrinogen at baseline was not
associated with the change in MCRI at follow-up. Although
previous studies have reported a cross-sectional association
between plasma fibrinogen and insulin resistance [27, 49],
plasma fibrinogen did not predict incident type 2 diabetes [28,
50]. Therefore, our observation on the null association between
plasma fibrinogen and progression of MCRI is plausible.

In addition to its novel findings, the strengths of this study
include a well-characterised multiethnic population, a pro-
spective design and detailed measurements of insulin clear-
ance, secretion and sensitivity from FSIGTTs. However, our
study may be limited by the relatively short period of follow-
up and the limited range of inflammatory markers involved.
We also did not have direct measures of insulin clearance.
Although the IRAS cohort was enriched by participants with
impaired glucose tolerance, it is notable that the fasting blood
glucose levels of non-diabetic IRAS participants were similar
to those in the NHANES study in the normal glucose toler-
ance and impaired glucose tolerance categories, and that a
considerable proportion of the study population had normal
glucose tolerance at baseline. Nevertheless, our findings are
likely to be generalisable only to non-diabetic individuals at
risk of glucose intolerance in similar ethnic groups.

In conclusion, we observed a significant association be-
tween plasma PAI-1, but not plasma levels of CRP, TNF-α,
leptin or fibrinogen, and a progressive decline in MCRI over
time. The present study has several important implications.
First, it extends the scientific literature on the role of inflamma-
tory and fibrinolytic proteins in the aetiology of type 2 diabetes.
Second, our findings point to the need for future studies to
prove a causal link between higher plasma PAI-1 values and
decline inMCRI, and for randomised controlled trials to test the
clinical significance of targeting impaired fibrinolysis as a
means of decreasing the incidence of type 2 diabetes.
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