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Abstract: Aims: To study the relationship between thioredoxin-interacting protein (TXNIP) and pancreatic β-cell func-
tion in patients with impaired glucose regulation and patients with both impaired glucose regulation and hypertri-
glyceridemia. Methods: We analyzed a population of 90 patients with impaired glucose regulation (IGR), 87 patients 
with IGR and hypertriglyceridemia, and 90 subjects with normal glucose tolerance (NGT). The levels of plasma TXNIP, 
a regulator of cellular oxidative stress, were measured. The homeostasis model assessment for insulin resistance 
(HOMA-IR) was used to evaluate insulin resistance in all subjects. In addition, two factors (HOMA for β-cell function 
[HOMA-β]) and first-phase insulin response [FPIR]) were used to evaluate pancreatic β-cell function. The correlations 
between the plasma levels of TXNIP, insulin resistance, and islet β-cell dysfunction were analyzed using Pearson’s 
correlation analysis. Results: Compared with NGT, patients with IGR had significantly lower HOMA-β and FPIR, and 
higher plasma levels of TXNIP. Compared with the IGR group, patients with both IGR and hypertriglyceridemia had 
significantly lower HOMA-β and FPIR, and higher plasma levels of TXNIP. There was also a negative correlation be-
tween TXNIP and HOMA-β or FPIR, and a positive correlation between TXNIP and HOMA-IR. Conclusions: These data 
showed that the level of TXNIP is increased in patients with IGR and patients with both IGR and hypertriglyceridemia, 
islet β-cell dysfunction was related to the increased TXNIP in IGR patients.
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Introduction

Type 2 diabetes (T2D) is caused by a progres-
sion from normal glucose tolerance (NGT) to 
impaired glucose regulation (IGR) and then dia-
betes, which is characterized by insulin resis-
tance and β-cell dysfunction. The term “IGR”, 
also known as non-diabetic hyperglycemia or 
prediabetes, describes an intermediate condi-
tion where fasting and/or 2 h postprandial plas-
ma glucose levels are above the highest normal 
value, but below the cut-off levels used to diag-
nose diabetes [1]. Previous studies showed 
that chronic glucose excess exerts toxic effects 
on the structure and function of many organs, 
particularly pancreatic islets [2]. In diabetes, 
β-cells deteriorate steadily with hyperglycemia 
worsens, secreting reducing amounts of insulin 
and gradually losing their function. Hyperrig- 

lyceridemia is a prominent feature of dyslipid-
emia in patients with IGR and T2D [3]. The 
chronic elevation of glucose (hyperglycemia) 
and lipids (hyperlipidemia), particularly when 
hyperglycemia and hyperlipidemia co-occur, are 
thought to play a role in β-cell failure [4].

Elevated concentrations of glucose and free 
fatty acids can lead to oxidative stress, which 
has been shown to be responsible for the pro-
gression of T2D [5]. Thioredoxin (TRX) is one of 
the most important members of the thiol-disul-
fide oxidoreductase family, which is a cytopro-
tective antioxidant. Thioredoxin- interacting pro-
tein (TXNIP) mediates oxidative stress by inhib-
iting thioredoxin activity [6]. Recent studies 
demonstrated that the induction of TXNIP plays 
a critical role in β-cell glucose toxicity and apop-
tosis [7]. The expression of TXNIP is increased 
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significantly in pancreatic β-cells, as well as in 
human and murine pancreatic islets exposed 
to high levels of glucose [8]. Paradoxically, free 
fatty acids can inhibit the transcription of TXNIP, 
and therefore could be considered to be protec-
tive factors [9].

The aim of the present study was to examine 
the relationship between islet β-cell function 
and oxidative stress (TXNIP) in patients with 
NGT, IGR, and IGR with HTG to understand the 
effect of glucose and lipid disorders on islet 
β-cell function in patients with pre-diabetes.

Subjects and methods

Subjects

The study was performed in 87 patients with 
impaired glucose tolerance (IGT) with combined 
HTG (IGT + HTG), 90 IGR patients without hyper-
triglyceridemia, and 90 subjects with NGT with-
out HTG who were enrolled from the Endocrine 
outpatient clinic and Emergency room of Cang- 
zhou Central Hospital and Hebei General Hos- 
pital, China. IGR was diagnosed based on the 
revised World Health Organization (WHO) con-
sulting group criteria [1]. NGT subjects had a 
fasting plasma glucose (FPG) < 6.1 mmol/L, 
and a 2 h postprandial glucose (PG) < 7.8 
mmol/L. Of the 90 subjects with IGR, 50 had 
IGT with an FPG < 6.1 mmol/L and 7.8 ≤ 2 h PG 
< 11.1 mmol/L, and 40 exhibited impaired fast-
ing glucose (IFG) and IGT, with 6.1 ≤ FPG < 7.0 
mmol/L and 7.8 ≤ 2 h PG < 11.1 mmol/L. 
Eighty-seven subjects with IGR + HTG were 
enrolled, including 48 subjects with IGT, and 39 
with IFG + IGT. The diagnosis of HTG was made 
according to NECP ATPШ criteria [10]; therefore 
triglycerides (TG) > 2.3 mmol/L were defined as 
HTG. All subjects were selected randomly. The 
enrollment criterion for subjects with NGT was 
no family history of diabetes in their first-degree 
relatives. The enrollment criteria of all subjects 
were aged > 20 years, a body mass index (BMI) 
< 35 kg/m2, and no history of receiving phar-
macological agents for the treatment of hyper-
lipidemia or hypertension. Patients with clini-
cally significant neurological, endocrinological, 
or other systemic diseases, as well as acute ill-
ness or chronic inflammatory or infective dis-
eases were excluded from the study.

All subjects enrolled in the present study were 
of Chinese ethnicity. The Ethics Committee of 

Cangzhou Central Hospital and Hebei General 
Hospital approved the study protocol, and writ-
ten informed consent to participate in the study 
was obtained from all subjects.

Methods

Anthropometric measurements: Anthropome- 
tric measurements including weight, height, 
and blood pressure (BP) were recorded after 
overnight fasting. BMI was calculated as weight 
(in kilograms) divided by height (in meters) 
squared.

Biochemical parameters: A 2 h OGTT (oral glu-
cose tolerance test) using 75 g glucose was 
measured in all subjects after an overnight 
fast. Fasting and 2 h blood samples were taken 
from the cubital vein. FPG, 2 h PG, serum TG, 
total cholesterol (TC), high-density lipoprotein 
cholesterol (HDL-C), and low-density lipoprotein 
cholesterol (LDL-C) were analyzed using a 
Hitachi-7600 automatic biochemistry analyzer 
(Hitachi Co, Tokyo, Japan), and HbA1c was mea-
sured using high-performance liquid chroma-
tography (Arkray Inc, Kyoto, Japan). Plasma 
FFAs were measured using standard colorimet-
ric methods supplied with a commercial kit 
(Roche Diagnostics, Mannheim, Germany).

Plasma TXNIP concentrations were determined 
using enzyme immunoassay (EIA) kits (MBL Co. 
Ltd., Japan) according to manufacturer’s proto-
col. Briefly, plasma samples and standards 
were incubated in 96-well microtiter plates. 
After washing, horseradish peroxidase (HRP)-
conjugated antibodies were added, and the 
plates were incubated for 1.5 hours at 25°C. 
Plates were then washed, and TMB (3,3’,5,5’-tet-
ramethylbenzidine) substrate was added. The 
color development was stopped after 20 min, 
and the optical density was measured at 450 
nm. The amount of TXNIP in each sample was 
calculated according to a standard curve con-
structed using known levels of TXNIP. The sen-
sitivity of the assay was 9.41 pg/mL. The intra- 
and inter-assay coefficients of variation were 
within 10%.

Intravenous glucose tolerance test: An intrave-
nous glucose tolerance test (IVGTT) was per-
formed after a 12-h fast. Briefly, an intravenous 
catheter was placed in the antecubital vein, 
and an intravenous bolus of 0.3 g glucose/kg 
body weight as a 50% water solution was inject-
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ed into the contralateral antecubital vein within 
60 sec. Additional samples for blood glucose 
and plasma insulin measurements were har-
vested at 0, 3, 5, 8, and 10 min. Plasma insulin 
was measured using an electrochemilumines-
cence immunoassay kit (Roche Diagnostics).

one-way ANOVA followed by Tukey’s multiple 
comparison procedure with P < 0.05 as the cri-
terion for significance. Pearson’s correlation 
analysis was used to determine the relation-
ship between continuous variables within each 
of the three study groups.

Results

Clinical and biochemical features of the study 
subjects

The physical and clinical characteristics of sub-
jects with NGT (n = 90), subjects with IGR (n = 
90), and those with IGR + HTG (n = 87) are 
shown in Table 1. No differences were observed 
in the anthropometric parameters, including 
gender distribution, age, BMI, TC, LDL-C, HDL-C, 
and systolic and diastolic BP among groups. 
FPG, 2 h-PG, HbA1c, FPI, and HOMA-IR were all 
significantly higher in the IGR and IGR + HTG 
groups compared with the NGT group (P < 0.01 
or P < 0.05), but there were no significant differ-
ences between the IGR and IGR + HTG groups. 
TG and FFA levels were highest in patients with 

Table 1. Clinical characteristics of the study subjects
Variable NGT IGR IGR + HTG
Gender (M/F) 44/46 47/43 45/42
Age (years) 48.3 ± 12.23 51.1 ± 11.75 50.8 ± 13.34
BMI (kg/m2) 21.5 ± 2.01 21.7 ± 3.72 22.4 ± 2.93
SBP (mmHg) 114.3 ± 12.1 118.7 ± 18.2 120.4 ± 17.73
DBP (mmHg) 75.2 ± 7.3 77.4 ± 7.9 76.7 ± 10.9
HbA1c (%) 5.41 ± 0.37 5.82 ± 0.64* 5.84 ± 0.59*

FPG (mmol/L) 5.10 ± 0.24 6.06 ± 0.41* 6.32 ± 0.57**

2h-PG (mmol/L) 5.87 ± 1.32 8.14 ± 1.75* 8.32 ± 1.81**

FPI (mU/L) 8.45 ± 1.87 12.33 ± 2.09* 12.12 ± 1.36**

TG (mmol/L) 1.37 ± 0.24 1.41 ± 0.27 3.25 ± 0.52**,##

TC (mmol/L) 4.10 ± 0.53 4.23 ± 0.70 4.31 ± 0.83
LDL-C (mmol/L) 2.33 ± 0.21 2.41 ± 0.37 2.44 ± 0.52
HDL-C (mmol/L) 1.52 ± 0.39 1.28 ± 0.36 1.20 ± 0.41
FFA 0.56 ± 0.08 0.60 ± 0.12 0.93 ± 0.18**,##

HOMA-IR 1.95 ± 0.67 3.46 ± 1.09* 3.48 ± 1.15**

HOMA-β 109 ± 41.5 97.3 ± 38.7* 83.2 ± 36.9**,#

FPIR (mU/L) 57.6 ± 7.43 40.3 ± 4.11* 33.8 ± 3.98**,#

Values are expressed as means ± SDs. *P < 0.05 and **P < 0.01 vs. 
subjects with NGT; #P < 0.05 and ##P < 0.01 vs. subjects with IGR. BMI, 
body mass index; SBP, systolic blood pressure; DBP, diastolic blood pres-
sure; HbA1c, hemoglobin A1c; FPG, fasting plasma glucose; 2 h PG, 2 h 
postprandial glucose level in an OGTT; FPI, fasting plasma insulin; TG, tri-
glyceride; TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; 
HDL-C, high density lipoprotein cholesterol; FFA, free fatty acids; FPIR, 
first-phase insulin response.

Figure 1. The comparison of plasma TXNIP levels 
in three groups. The mean plasma levels of TXNIP 
were significantly increased in patients with IGR + 
HTG, compared with NGT and IGR, **P < 0.01, *P < 
0.05; as well as between the IGR and NGT groups 
#P < 0.05.

The homeostasis model assessment 
for insulin resistance (HOMA-IR; FPG 
[mmol/l] × FPI (Fasting insulin, which 
was measured using an electrochemi-
luminescence immunoassay kit [Roche 
Diagnostics]) [mU/L] 22.5) was used to 
evaluate IR [11]. In addition, two indi-
ces were used for to evaluate pancre-
atic β-cell secretion function [12, 13]: 
(1) homeostasis model assessment for 
β-cell function (HOMA-β; 20 × FPI 
(mU/L)/FPG [mmol/L] -3.5), and (2) 
first-phase insulin response (FPIR), wh- 
ich was assessed according to the 
mean insulin secretion rate during the 
first 10 min after the glucose bolus 
was subtracted from the basal insulin 
secretion rates.

Statistical analysis

Continuous data are expressed as 
means ± S.D. All analyses were per-
formed using SPSS13.0. The distribu-
tions of quantitative variables were 
subjected to normality testing and, if 
necessary, log transformation was us- 
ed to obtain a normal distribution. 
Comparisons between the groups of 
three means were performed using 
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IGR + HTG, and lowest in those with NGT (P < 
0.01 or P < 0.05). Conversely, FPIR and HOMA-β 
were lowest in patients with IGR + HTG, and 
highest in those with NGT (P < 0.01 or P < 0.05).

The mean plasma levels of TXNIP were highest 
in patients with IGR + HTG, and lowest in those 
with NGT. The differences were statistically sig-
nificant between NGT with IGR or IGR + HTG (P 
< 0.05 and P < 0.01, respectively), as well as 
between the IGR and IGR + HTG groups (P < 
0.05; Figure 1).

Correlations between islet function and vari-
ous parameters

Next, we assessed whether the levels of TXNIP 
correlated with β-cell function in the test sub-
jects. We performed Pearson’s linear correla-
tion analysis between HOMA-β, FPIR and the 
various parameters examined. Among the sub-
jects with IGR, HOMA-β showed a negative cor-
relation with FPG (r = -0.227, P = 0.038), HbA1c 
(r = -0.342, P = 0.029), TXNIP (r = -0.482, P = 
0.014) and positive correlation with FPI (r = 
0.228, P = 0.037); FPIR showed a negative cor-
relation with 2h-PG (r = -0.342, P = 0.029), 
HbA1c (r = -0.355, P = 0.028), TXNIP (r = -0.493, 
P = 0.013). Among the subjects with IGR + HTG, 
HOMA-β showed a negative correlation with 
FPG (r = -0.231, P = 0.037), HbA1c (r = -0.301, P 
= 0.030), FFA (r = -0.427, P = 0.016), TG (r = 

β-cell function. Importantly, patients with both 
IGR and HTG had significantly higher levels of 
TXNIP and reduced islet β-cell function than 
patients with IGR, but without HTG.

Previous studies reported that β-cell function is 
reduced by 50% in patients diagnosed with 
T2D according to the UKPDS. Therefore, the 
loss of β-cell function begins 10-12 years 
before diagnosis with T2D [14]. The impaired 
β-cell function in these patients with IGR leads 
to a pronounced defect in early insulin secre-
tion [15]. HTG is a prominent feature of dyslipid-
emia during both IGR and T2D. Hypertrigly- 
ceridemia results in elevated plasma FFAs after 
TG hydrolysis, which could lead to β-cell dys-
function. The prolonged exposure of β-cells to 
fatty acids inhibits glucose-stimulated insulin 
secretion in vitro [16], in rats in vivo [17], and in 
humans [18]. The synergistic combination of 
glucose toxicity and lipotoxicity is harmful, 
which leads to glucolipotoxicity [2]. Consistent 
with this, the present study demonstrated that 
β-cell function was decreased significantly in 
patients with both IGR and HTG compared with 
patients with IGR without HTG, suggesting that 
lipotoxicity and glucotoxicity are both associat-
ed with β-cell dysfunction. Therefore, our clini-
cal data strongly supported the hypothesis that 
IGR combined with HTG is associated with sig-
nificantly more severe β-cell damage than IGR 
alone.

Table 2. Correlations between HOMA-β, FPIR and clinical param-
eters

Variable
HOMA-β FPIR

NGT IGR IGR + HTG NGT IGR IGR + HTG
Age (years) 0.025 0.032 0.037 0.091 0.104 0.122
BMI (kg/m2) 0.019 0.027 0.010 0.021 0.100 0.103
SBP (mmHg) 0.035 0.105 0.114 0.023 0.081 0.093
DBP (mmHg) 0.017 0.021 0.102 0.018 0.016 0.021
HbA1c (%) 0.021 -0.342* -0.301* 0.010 -0.355* -0.382*

FPG (mmol/L) 0.008 -0.227* -0.231* 0.008 0.106 0.101
2h-PG (mmol/L) 0.125 0.121 0.133 0.125 -0.342* -0.385*

FPI (mU/L) 0.102 0.228* 0.301* 0.100 0.104 0.103
FFA (mmol/L) 0.060 0.127 -0.427* 0.045 0.109 -0.389*

TG (mmol/L) 0.030 0.153 -0.402* 0.031 0.121 -0.393*

TC (mmol/L) 0.021 0.025 0.122 0.019 0.042 0.009
LDL-C (mmol/L) 0.058 0.131 0.163 0.103 0.049 0.112
HDL-C (mmol/L) 0.041 0.008 0.151 0.031 0.019 0.134
TXNIP (pg/mL) -0.120 -0.482* -0.545** -0.120 -0.493* -0.558**

Note: *P < 0.05, **P < 0.01.

-0.402, P = 0.018), TXNIP (r = 
-0.545, P = 0.008) and posi-
tive correlation with FPI (r = 
0.301, P = 0.030). FPIP show-
ed a negative correlation with 
2h-PG (r = -0.385, P = 0.026), 
HbA1c (r = -0.382, P = 0.026), 
FFA (r = -0.389, P = 0.026), 
TG (r = -0.393, P = 0.024) and 
TXNIP (r = -0.558, P = 0.005) 
(Table 2).

Discussion

In this study, we assessed the 
relationship between pancre-
atic islet β-cell function and 
oxidative stress (TXNIP levels) 
in patients with NGT, IGR, and 
IGR with HTG. Compared with 
NGT subjects, patients with 
IGR exhibited higher levels of 
TXNIP, and impaired islet 
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Possible explanations for β-cell dysfunction 
include oxidative stress, which occurs during 
the oxidative metabolism of glucose and free 
fatty acids, the production of proinflammatory 
cytokines, and the induction of endoplasmic 
reticulum stress [19-21]. Recent findings sug-
gested that chronic oxidative stress plays an 
important role in islet β-cell dysfunction, and 
causes apoptosis in β-cells [5]. Islets have very 
low levels of free radical quenching enzymes 
such as catalase, glutathione peroxidase, and 
superoxide dismutase; therefore, very low lev-
els of the intrinsic antioxidant defense system. 
This suggests that β-cells are at a uniquely high 
risk of oxidative stress and are sensitive to 
apoptosis [22]. Consistent with this, patients in 
the current study with IGR and HTG exhibited 
higher levels of TXNIP that did individuals with 
NGT, suggesting that they had higher levels of 
oxidative stress.

To maintain the intracellular redox balance, 
cells rely on scavenging systems, and in partic-
ular two major intracellular thiol-reducing me- 
chanisms: the interacting glutathione and thio-
redoxin systems [23]. Thioredoxin reduces the 
levels of reactive oxygen species (ROS), which 
are generated during metabolic reactions, by 
reversibly oxidizing thioredoxin at Cys-32 and 
Cys-35 residues [24]. TXNIP inhibits the antioxi-
dative function of thioredoxin by binding to its 
redox-active cysteine residues [6]. In addition, 
a recent study showed TXNIP impairs glucose 
and insulin tolerance in mice [25]. Taken toge- 
ther, these data and the observations in the 
current study suggest that the oxidative stress 
manifested by increased levels TXNIP could be 
an important mechanism underlying the pro-
gression of pre-diabetes into overt diabetes.

Recent studies showed that free fatty acids 
suppress TXNIP levels [9]. However, in the cur-
rent study patients with the combination of IGR 
and HTG had higher levels of TXNIP compared 
with patients with IGR alone. This suggests that 
HTG might have different effects on TXNIP 
expression in patients with IGR and NGT. In 
individuals with IGR, HTG was not associated 
with beneficial effects to relieve glucose-indu- 
ced TXNIP overexpression, but instead exhibit-
ed an aggravation of its expression.

Preventing or delaying the development of dia-
betes in pre-diabetic patients is a major chal-
lenge for clinicians. Treatments that aim to con-

trol serum TG levels and relieve oxidative stress 
in patients with IGR are expected to effectively 
halt the progression from pre-diabetes to dia-
betes. The present observational study sug-
gests that controlling lipotoxicity, for example 
with fenofibrate, the widely used hypolipidae-
mic agent, might ameliorate the natural course 
of pre-diabetes by preventing hypertriglyceride-
mia [26].

In summary, we measured the levels of the oxi-
dative stress marker TXNIP in plasma samples 
collected from patients with NGT, IGT and IGT + 
HTG. However, because data are cross-section-
al and were measured only at a fixed time point, 
it is possible that our data might underestimate 
the fluctuations in the levels of oxidative stress. 
Nevertheless, we demonstrated a strong rela-
tionship between the combination of islet β-cell 
dysfunction and hyperlipidemia with the activa-
tion of oxidative stress in subjects with NGT, 
IGR, and the combination of IGR and HTG. We 
conclude that reducing glucose and TG levels in 
patients with IGR is important for minimizing 
oxidative stress-induced β-cell damage.
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