
 

 

Introduction 
 
Insulin and Insulin-like growth factors (IGFs) are 
central hormones in regulating metabolism, 
glucose uptake, glycogen synthesis, lipogenesis 
and prevention of proteolysis [1]. The IGF axis is 
a complex system composed of two mitogenic 
ligands, IGF-I and IGF-II, two receptors, IGF-IR 
and IGF-IIR and binding proteins [2]. Insulin-like 
growth factors, IGF-I and IGF-II are single chain 
peptides with significant homology to insulin. 
IGF-II has been implicated in mitosis, growth, 
and organ development by paracrine and endo-
crine pathways in cell culture studies and ani-
mal models [3, 4]. IGF-II also has insulin-like 
metabolic effects and overproduction of IGF-II in 
certain pancreatic and non-pancreatic cancers 

has been linked to severe refractory hypoglyce-
mia [5, 6]. The actions of IGFs may be mediated 
through binding to the IGF-I/II receptor (a homo-
logue of insulin receptor) and/or to the insulin 
receptor itself [1, 7].  
 
The bioavailability of the IGFs to its receptors is 
controlled by IGF binding proteins (IGFBPs), 
which represent an important link between the 
insulin and IGF system. IGFBPs belong to a su-
perfamily of 15 homologous proteins, present in 
serum, other biological fluids and tissue ex-
tracts [4]. Although IGFBPs are globally distrib-
uted in all tissues and cells, the majority of cir-
culating levels of IGFBPs are produced by liver 
under regulation of IGFs and insulin [8]. IGFBP3 
is the most abundant protein of the family fol-
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Abstract: Insulin-like growth factor binding proteins (IGFBPs) are associated with insulin resistance and accelerated 
micro- and macro-vascular complications of diabetes. We investigated the relationship between serum levels of 
IGFBP6 in type-1 diabetes (T1D) patients and diabetic complications. In this study, IGFBP6 was measured in the sera 
from 697 T1D patients and 681 healthy controls using a Luminex assay. Mean serum levels of IGFBP6 were higher in 
T1D patients than controls matched for sex and age (119.7 vs 130.6 ng/ml, p < 10-4). Subject age, sex and duration 
of disease have a significant impact on serum IGFBP6 levels in both T1D patients and healthy controls. Patients with 
complications have significantly higher mean serum IGFBP6 than patients without any complication (p = 3.5x10-6). 
More importantly, conditional logistic regression analysis suggested that T1D patients are more likely to have very 
high levels of serum IGFBP6 (in the 4th quartile) (OR = 1.7) than healthy controls. Furthermore, T1D patients with 
various complications are more likely to have very high levels of serum IGFBP6 (in the 4th quartile) than patients with-
out any complication (OR = 1.7 - 22.9). These results indicate the clinical importance of measuring IGFBP6 to the 
better management of T1D patients. 
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lowed by IGFBP2 and IGFBP1. IGFBP4 and 
IGFBP5 represent a smaller portion of the IGFBP 
family in the circulation [8]. IGFBP6 is the sixth 
member of the IGFBP family and has a prefer-
ence towards binding to IGF-II in a specific man-
ner than IGFBP1 [9]. Four of the IGFBPs, (IGFBP
-1, IGFBP2, IGFBP3 and IGFBP5) have been 
implicated in T1D, prevention of obesity and 
induction of insulin resistance in both animal 
models and human subjects [10-13]. These 
IGFBPs are identified as surrogate markers for 
metabolic syndrome, cardiovascular disease 
and cancers in several studies. IGFBPs are also 
known to be involved in augmentation of micro- 
and macro- vascular complications of diabetes 
[3, 7, 10-15].  
 
No data has been reported on IGFBP6 in T1D, 
an autoimmune disease characterized by lym-
phocyte infiltration into the pancreatic islets and 
destruction of the insulin-producing islet β-cells 
in children and young adults. This study with 
697 T1D patients and 681 controls was de-
signed to identify differences in systemic levels 
of IGFBP6 in T1D subjects and in T1D subjects 
with complications. 
 
Methods 
 
Serum samples 
 
This study was approved by the Georgia Health 
Sciences University Institutional Review Board. 
Blood samples were collected from participants 
of Prospective Assessment in Newborns of Dia-
betes Autoimmunity (PANDA) [16] study, after 
informed consent. The blood was allowed to clot 
at room temperature for 30 minutes and then 
centrifuged at 2000xg for 10 minutes in serum 
separator tubes. Serum was harvested, ali-
quoted and stored at -80oC for future use. All 
subjects were recruited in Georgia, USA, mainly 
in the Atlanta and Augusta areas. 
 
Serum samples from 697 T1D patients and 681 
healthy controls were aliquoted randomly into 
wells of 96 well v-bottom plates and each plate 
contained similar numbers of samples from T1D 
patients and controls.  From blood collection to 
the assay, none of the samples had more than 
three freeze/thaw cycles and each sample usu-
ally had only one freeze/thaw cycle. 
 
Luminex assay for IGFBP6 
 
IGFBP6 in serum was measured using a Lu-

minex bead array kit from Millipore (Millipore 
Inc, Billerica MA, USA) according to manufac-
turer’s protocol. The kit is based on sandwich 
immuno-assay, which consists of dyed micro-
spheres conjugated with a specific monoclonal 
capture antibody. Briefly serum samples were 
incubated with the antibody-coupled micro-
spheres, and later on with biotinylated detection 
antibody before the addition of streptavidin-
phycoerythrin. The captured bead-complexes 
were then read by a FLEXMAP3D (Luminex, TX, 
USA) with the following instrument settings: 
events/bead: 50, minimum events: 0, Flow rate: 
60ul/min, Sample size: 50ul, discriminator 
gate: 8000-13500. 
 
Statistical analysis 
 
Median fluorescence intensities were converted 
to concentrations using a 4-parameter logistic 
regression fit to the standard curve with known 
concentration included on each plate using a 
serial dilution series, as previously described 
[17]. All further statistical analyses were per-
formed using log2 transformed concentrations 
to achieve more normal distributions. Linear 
regression analysis was used to determine the 
effect of age, sex and duration of disease on 
IGFBP6 levels. Since there was a significant 
effect of age and sex on the IGFBP6 levels, case
-control matching was performed with respect to 
age, and sex using the “matching” R package 
[18]. Potential differences between T1D pa-
tients, healthy controls and subsets based on 
gender and specific complications were initially 
examined using a paired t-test. To estimate the 
relative risk of diabetes at different protein con-
centrations, we performed conditional logistic 
regression on matched paired data. The odds 
ratios (OR) and 95% confidence intervals (CI) 
were computed. To investigate the association 
between serum IGFBP6 levels and the diabetic 
complications, the samples from the T1D pa-
tients with a particular complication were com-
pared with the samples from the T1D patients 
without complications. Matching was performed 
with respect to age, sex, and duration of diabe-
tes. Conditional logistic regression was per-
formed to estimate the relative risk of a particu-
lar complication at different protein concentra-
tions. IGFBP6 protein levels were used as con-
tinuous as well as discrete variable (after divid-
ing into 4 quartiles). All statistical analyses were 
performed using the R language and environ-
ment for statistical computing (R version 
2.12.1; R Foundation for Statistical Computing; 
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www.rproject.org) [19]. 
 
Results 
 
Serum IGFBP6 levels were measured using a 
Luminex assay for 697 T1D patients and 681 
control subjects. The sex and age distributions 
of the samples before and after matching are 
presented in Table 1. Regression analyses using 

IGFBP6 as dependent variable and age as a 
covariate suggested that IGFBP6 levels were 
significantly associated with age in both con-
trols (r=0.22, p<10-9, Figure 1A) and patients (r 
= 0.37, p<10-16, Figure 1E). Further regression 
analyses after stratification on gender and dis-
ease status revealed that age effect on IGFBP6 
levels differ slightly according to the sex of the 
subjects in both the controls (r=0.143 for fe-

Table 1. Mean values of age, sex, and T1D duration in cases and controls before and after multivariate 
matching. 
Group  Before Matching After Matching 

  Controls Cases Controls Cases 

T1D Age (years) 22.98 29.15 28.06 29.15 

 Sex (Female %) 53.3% 53.2% 53.2% 53.2% 

Nephropathy Age (years) 22.23 49.84 49.38 49.84 

 Sex (Female %) 53.4% 52.8% 52.8% 52.8% 

 T1D Duration 9.26 31.11 29.22 31.11 

Photocoagulation Age (years) 22.23 50.95 50.54 50.95 

 Sex (Female %) 53.4% 49.1% 49.1% 49.1% 

 T1D Duration 9.26 34.63 33.94 34.63 

Retinopathy Age (years) 22.23 51.46 50.84 51.46 

 Sex (Female %) 53.4% 57.5% 57.5% 57.5% 

 T1D Duration 9.26 32.47 31.50 32.47 

HTN Age (years) 22.23 51.41 51.15 51.41 

 Sex (Female %) 53.4% 52.1% 52.1% 52.1% 

 T1D Duration 9.26 26.94 26.18 26.94 

Blindness Age (years) 22.23 48.61 50.20 48.61 

 Sex (Female %) 53.4% 53.3% 53.3% 53.3% 

 T1D Duration 9.26 33.46 32.05 33.46 

Foot Ulcer Age (years) 22.23 52.61 51.63 52.61 

 Sex (Female %) 53.4% 60.0% 60.0% 60.0% 

 T1D Duration 9.26 37.86 34.28 37.86 

CAD Age (years) 22.23 58.22 56.87 58.22 

 Sex (Female %) 53.4% 48.6% 48.6% 48.6% 

 T1D Duration 9.26 30.68 28.95 30.68 

Amputation Age (years) 22.23 51.97 52.52 51.97 

 Sex (Female %) 53.4% 50.0% 50.0% 50.0% 

 T1D Duration 9.26 30.85 31.34 30.85 

Neuropathy Age (years) 22.23 54.96 53.82 54.96 

  0.53 0.57 0.57 0.57 

 T1D Duration 9.26 28.24 26.87 28.24 

Dyslipidemia Age (years) 22.23 47.56 47.66 47.56 

 Sex (Female %) 53.4% 55.4% 55.4% 55.4% 

 T1D Duration 9.26 22.81 22.31 22.81 

For T1D group, cases are T1D patients, controls are AbN controls, matching was performed with respect to age, and sex. For Com-
plications, cases are the T1D patients with a particular complication, controls are T1D patients without any complications. Match-
ing was performed with respect to age, sex and T1D duration. 
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males and r=0.359 for males, Figure 1A-1D) 
and T1D patients (r=0.37 for female and 
r=0.399 for males, Figure 1E-1H). A similar 
analysis was performed to determine correlation 
between IGFBP6 levels and duration of diabetes 
in T1D patients. We found that IGFBP6 levels 
were significantly correlated with duration of 
diabetes in both females (r=0.35, p<10-12, Fig-
ure 2B) and males (r=0.35, p<10-11, Figure 2C). 
We did not observe sex-specific differences in 
the correlation of IGFBP6 levels with duration of 
diabetes (Figure 2D). Since IGFBP6 levels were 
significantly associated with age and sex of the 
study subjects, we matched controls and pa-
tients for these two variables to create case-
control matched dataset for further analyses. 
 
The mean IGFBP6 levels were slightly but signifi-
cantly higher in the T1D group (mean = 130.7 
ng/ml) compared with the control group (mean 
= 119.7 ng/ml) (p < 10-5, Figure 3A). When data 
was stratified by sex, the differences between 
T1D and control subjects were significant in 
both male (T1D mean 142.5 vs control mean 

128.54 ng/ml, p < 0.05) and female (T1D mean 
120.8 vs control mean 112.6 ng/ml, p < 0.05) 
(Figure 3B). We also observed sex-specific dif-
ferences in serum levels of IGBP6 in both con-
trols (males=128.5 ng/ml and females= 
112.6ng/ml, Figure 3B) and T1D patients 
(males= 142.5 ng/ml and females=120.9 ng/
ml, Figure 3B). Interestingly, 4.1% (27/657) of 
patients with T1D had very high IGFBP6 levels 
(defined as above the 99th percentile value in 
controls, 321.2 ng/ml) compared to 1% (7/670) 
of the controls (odds ratio = 3.99, p < 10-4) 
(Figure 3B).  
 
Next we examined the association between 
IGFBP6 concentrations and diabetes risk using 
conditional logistic regression. Odds ratio (OR) 
of diabetes per SD increment of protein levels 
were computed. First, we treated the serum 
levels of IGFBP6 as continuous variable and 
performed regression with disease as a cate-
gorical variable. We observed a significant asso-
ciation of IGFBP6 concentration with increased 
risk of T1D (OR =1.26, p<0.01, Table 2). To as-

Figure 1. Regression graphs showing the correlation between serum IGFBP6 levels and age of subjects. Relative lev-
els of IGFBP6 as a function of age in the total control group (a, β=0.013, p=3x10-9), female controls (b, β=0.009, 
p=0.006), male controls (c, β=0.02, p= 6.6x10-11), and regression lines for control males and females on same plot 
(d). Relative levels of IGFBP6 as a function of age in the total T1D group (e, β=0.018, p=1x10-16), female T1D (f, 
β=0.016, p=1x10-13), male T1D (g, β=0.021, p= 8.3x10-14), and regression lines for T1D males and females on same 
plot (h).  
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sess the relative risk of diabetes across differ-
ent quartiles of IGFBP6 concentrations, we used 
the serum levels of IGBP6 from controls at the 
25th, 50th and 75th percentile as cutoff values to 
categorize T1D subjects into four quartiles. 
There are significantly more T1D subjects in the 
top quartile than in the 1st quartile (OR=1.69, 
Table 2). 
 
We also examined the association of IGFBP6 
levels with different diabetic complications in 
T1D patients. For each complication, a matched 
pair dataset was created to alleviate the effect 
of age, sex and duration of disease. Each T1D 

patient with complication was matched to a T1D 
patient without any complication to create age, 
sex, and duration of diabetes matched pairs. 
The boxplots depicting distribution of IGFBP6 
levels in patients with different complications 
are shown in Figure 4. The mean levels of se-
rum IGFBP6 were significantly increased 
(p<0.05) in T1D patients with nephropathy 
(n=36), photocoagulation (n=55), retinopathy 
(n=73), and blindness (n=15) compared to T1D 
patients without any complication (Table 3). 
Conditional regression analysis further revealed 
a significantly increased risk of nephropathy 
(OR=4.03, p<0.01), photocoagulation 

Figure 2. Regression plots of IGFBP6 levels with the duration of disease for all T1D patients (a; β=0.023, p=1x10-16), 
female T1D (b, β=0.024, p=3.1x10-12), male T1D (c, β=0.023, p=1x10-11), and regression lines for both genders on 
same plot (d). 

Figure 3. The distribution of serum IGFBP6 levels in T1D and control groups after matching for sex and age. Dash 
lines mark the 95th percentile value in T1D patients. Solid lines and values on the right side represent the mean val-
ues of serum IGFBP6 in the respective groups. IGFBP6 serum levels in total T1D and control subjects (a). After sepa-
rating both T1D and control groups into female and male subjects (b).  
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(OR=1.94, p<0.05) and retinopathy (OR=1.66, 
p<0.05) with per SD increase in IGFBP6 concen-
trations (Table 2). T1D patients with serum lev-
els of IGFBP6 in 4th quartile had a very high risk 

of developing nephropa-
thy (OR=22.91), followed 
by T1D subjects who un-
derwent photocoagula-
tion to stall the diabetic 
retinopathy (OR=3.64) 
a n d  r e t i n o p a t h y 
(OR=2.32) as compared 
to the 1st quartile (Table 
2).  
 
Discussion 
 
The results presented 
here suggest that males 
in both controls and T1D 
group had higher levels 
of IGFBP6 as reported 
earlier [20]. Furthermore, 
T1D is associated with 
increase in serum levels 
of IGFBP6 similar to the 
observations previously 
reported for IGFBP1, 2, 3 
and 5 [8, 10, 13, 21]. 
Several IGFBPs have 
been measured in T1D 
patients with or without 
diabetic complications as 

well as controls in several previous studies [10, 
13, 21]. These studies have established the 
role of these IGFBPs as regulators of obesity, 
insulin resistance, bone mineral density and 

Table 2. Relative risk (odds ratios) of T1D and its complications with increase in IGFBP6 levels. 
Groups+ N OR pval OR2_Q2 OR3_Q3 OR4_Q4 p-trend 

T1D 696 1.26 (1.1-1.44) 0.0008 1.35 (0.97-1.89) 0.94 (0.64-1.37) 1.69 (1.18-2.43) 0.06 
Nephropa-
thy 

36 4.03 (1.67 -9.70) 0.002 0.67 (0.13-3.42) 2.13 (0.52-8.68) 22.91 (2.44-215.1) 0.06 

Photo- 
coagulation 

55 1.94 (1.10 - 3.41) 0.021 0.63 (0.19-2.01) 1.54 (0.49-4.85) 3.64 (1.13-11.68) 0.32 

Retinopathy 73 1.66 (1.02-2.70) 0.042 0.84 (0.33-2.11) 1.76 (0.70-4.42) 2.32 (0.8 -6.07) 0.35 

Blindness 15 6.93 (0.79-60.74) 0.081 ND ND ND ND 
Foot Ulcer 10 4.32 (0.61-30.78) 0.144 ND ND ND ND 
CAD 35 1.51 (0.75-3.05) 0.253 1.65 (0.52-5.2) 0.88 (0.25-3.18) 2.07 (0.51-8.35) 0.43 

HTN 96 1.43 (0.98-2.08) 0.061 1.72 (0.86-3.44) 2.54 (1.23-5.25) 1.70 (0.81-3.58) 0.03 

Amputation 8 1.98 (0.41-9.48) 0.392 ND ND ND ND 
Peripheral 
Neuropathy 

65 1.21 (0.72-2.06) 0.469 0.54 (0.21-1.38) 1.51 (0.59-3.92) 1.58 (0.58-4.32) 0.84 

N 112 0.96 (0.71-1.30) 0.812 0.8 (0.4 -1.44) 0.57 (0.31-1.06) 0.72 (0.37-1.38) 0.16 
┼ T1D was compared to controls.  Each category of complications was compared to T1D without any complications. OR: Odds ratio. 
Values presented are OR and its 95% confidence interval. Q2, Q3 and Q4: 2nd, 3rd and 4th quartiles were compared to 1st quartile 
(reference). HTN: Hypertension, CAD: Coronary Artery Disease. ND: not done due to low sample size. 

 

Figure 4. Boxplots showing serum IGFBP6 differences between T1D without any 
complications (NoC) and T1D with complications (Comp).  
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complications such as retinopathy and neph-
ropathy in T1D and T2D [22]. This study demon-
strates for the first time the relationship be-
tween T1D and serum levels of IGFBP6, previ-
ously demonstrated for other IGFBPs in T1D and 
pathophysiology of insulin-mediated metabolic 
dysfunction [10, 12, 13]. We measured serum 
IGFP6 levels in 697 T1D patients in different 
age groups and with/without diabetic complica-
tions. This large dataset allowed us to examine 
the various parameters that may influence se-
rum IGFBP6 levels in T1D patients. Our results 
suggested that serum IGFBP6 levels differ by 
sex and increase with age as reported previ-
ously for other IGFBPs [23]. We also observed a 
positive association between duration of T1D 
and IGFBP6 levels in T1D patients, the slopes of 
the regression lines suggested that serum lev-
els of IGBP6 were associated with the disease 
duration for both genders.  
 
Serum levels of IGFBP6 are elevated in diabetic 
patients. Elevation in serum levels is more 
prominent in males than females as observed in 
another disease [23]. These results are in com-
plete agreement regarding serum levels of 
IGFBP1 levels reported in T1D [22]. The eleva-
tion in serum levels of IFBP6 observed in this 
study may be explained by two ways. Firstly, 
glucose is reported to be the primary modulator 
of IGF-II production in pancreatic β-cells [2] and 
uncontrolled hyperglycemia is known to cause 
elevation in IGF-II levels in T1D/T2D [21] and in 
cellular models. Furthermore, IGFs also stimu-
late hepatic and extra-hepatic production of 
IGFBPs in liver and regionally in tissues, sug-
gesting that the increase observed in this study 

may be mediated by IGF-II arising due to hyper-
glycemia. It has been known that metabolic con-
ditions with decreased insulin levels such as 
fasting, diabetes and exercise cause increase in 
systemic levels of IGFBP and insulin is one of 
the suppressors of IGFBP production in liver 
[24]. In fact, patients with T1D have reduced 
levels of IGF in their serum and elevated levels 
of IGFBP1, especially in subjects with poor gly-
cemic control or micro-vascular complications 
[11]. 
 
Evidence are now emerging that dysregulation 
of the IGF system is involved in the develop-
ment of complications of diabetes such as reti-
nopathy, neuropathy, cardiovascular diseases 
and nephropathy [7, 10, 11, 14, 21, 22]. IGFs, 
especially IGF-II have strong anti-apoptotic prop-
erties and are involved in proliferation of endo-
thelial cells and several cancer cells lines. It has 
been argued that regional concentrations of 
IGFs may be more significant than systemic lev-
els in the pathogenesis of diabetic complica-
tions [15]. IGFs, especially IGF-II, are known to 
exert its anti-apoptotic responses by binding to 
insulin receptor (IR) in many tissues. The cyto-
protective effects of IGF-II are related to mito-
chondrial protection leading to increase in ATP 
production and reduction in free radical genera-
tion, oxidative damage and apoptosis [25, 26]. 
On the other hand, increased expression of IGF-
II has been reported to be one of the contribu-
tors of diabetic nephropathy via excessive depo-
sition of extra-cellular matrix components in the 
glomerular basement membrane [21]. In this 
study, we found that the mean serum IGFBP6 
levels are elevated in T1D patients with diabetic 

Table 3. Serum IGFBP6 levels in T1D patients with and without diabetic complications. 
Complication N No Comp Comp FC* p-value 
Nephropathy 36 161.1 244.4 1.52 0.00014 
Photocoagulation 55 177.9 225.6 1.27 0.01203 
Blindness 15 174.9 257.3 1.47 0.02251 
Retinopathy 73 174.7 203.2 1.16 0.03315 
HTN 96 158.8 176.7 1.11 0.07622 
Foot Ulcer 10 160.2 227.3 1.42 0.09269 
CAD 35 151.5 183.2 1.21 0.16613 
Amputation 8 220.6 261.8 1.19 0.52837 
Peripheral 
Neuropathy 

65 173.7 180.1 1.04 0.69107 

Dyslipidemia 112 147.1 144.9 0.99 0.77589 
*FC: Fold Change was calculated for each specific category of T1D with complication (Comp) over the T1D patients without any 
complication (No Comp). HTN: Hypertension, CAD: Coronary Artery Disease. 
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complications including nephropathy, blindness, 
retinopathy, photocoagulation and coronary 
artery disease (CAD), suggesting an elevated 
suppression of IGF actions in these tissues/
vascular compartments. Major function of 
IGFBP6 is to inhibit anti-apoptotic actions of IGF
-II [8]. The reduction in IGF-II levels via excessive 
binding to IGFBP6 suggests an enhancement of 
apoptosis in the selected organs. 
 
Cell proliferation and differentiation is an impor-
tant step in wound healing. IGF-II, due to its cell 
proliferative property, has been implicated in 
wound healing and/or tissue regeneration [27, 
28]. Our results on elevated IGFBP6 levels in 
diabetic foot ulcer suggest that excessive 
IGFBP6 reduces the bio-availability of IGF-II re-
quired for healing at the site of tissue damage. 
This loss of wound healing may lead to exces-
sive foot ulcers and amputation in T1D individu-
als.  
 
In summary, we have demonstrated striking 
relationships between IGFBP6 concentrations 
and several important components of the insu-
lin deficiency in T1D patients. Although the 
cross-sectional nature of the study cannot dis-
tinguish the underlying cause from effect, the 
logistic regression data suggests that T1D pa-
tients with higher IGFBP6 are at an increased 
risk of developing complications of kidney, eyes 
and vascular system. Since IGFBP6 is a modula-
tor of IGF-II action, we infer that IGF-II is abnor-
mally regulated in T1D both systemically and 
regionally at the tissue levels. 
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