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Abstract

Objective—Insulin resistance is a major risk factor for type 2 diabetes. ApolipoproteinJ (ApoJ) 

has been implicated in altered pathophysiologic states including cardiovascular and Alzheimer’s 

disease. However, the function of ApoJ in regulation of glucose homeostasis remains unclear. This 

study sought to determine whether serum ApoJ levels are associated with insulin resistance in 

human subjects and if they change after interventions that improve insulin sensitivity.
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Methods—Serum ApoJ levels and insulin resistance status were assessed in nondiabetic (ND) 

and type 2 diabetic (T2D) subjects. The impacts of rosiglitazone or metformin therapy on serum 

ApoJ levels and glucose disposal rate (GDR) during a hyperinsulinemic/euglycemic clamp were 

evaluated in a separate cohort of T2D subjects. Total ApoJ protein or that associated with the HDL 

and LDL fractions was measured by immunoblotting or ELISA.

Results—Fasting serum ApoJ levels were greatly elevated in T2D subjects (ND vs T2D; 100±8.3 

vs. 150.6±8.5 AU, P <0.0001). Circulating ApoJ levels strongly correlated with fasting glucose, 

fasting insulin, HOMA-IR, and BMI. ApoJ levels were significantly and independently associated 

with HOMA-IR, even after adjustment for age, sex, and BMI. Rosiglitazone treatment in T2D 

subjects resulted in a reduction in serum ApoJ levels (before vs. after treatment; 100±13.9 vs. 

77±15.2 AU, P=0.015), whereas metformin had no effect on ApoJ levels. The change in ApoJ 

levels during treatment was inversely associated with the change in GDR. Interestingly, ApoJ 

content in the LDL fraction was inversely associated with HOMA-IR.

Conclusion—Serum ApoJ levels are closely correlated with the magnitude of insulin resistance 

regardless of obesity, and decrease along with improvement of insulin resistance in response only 

to rosiglitazone in type 2 diabetes.
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1. Introduction

Type 2 diabetes is a major global health problem that affects millions of people worldwide 

and is associated with serious comorbidities, including cardiovascular diseases [1]. Insulin 

resistance, accompanied by failure of the pancreatic β-cells to compensate sufficiently by 

increased insulin secretion, leads to the development of type 2 diabetes [2]. A major 

challenge in the field of metabolic diseases has been identifying molecular markers linked to 

insulin resistance [3], which may contribute to a better understanding of the pathogenesis of 

type 2 diabetes.

Apolipoprotein J (ApoJ, also called clusterin) is a secreted sulfated glycoprotein that is 

widely distributed in various tissues, including the liver, brain, ovary, testis, heart and blood 

vessels [4]. Secreted ApoJ binds a broad network of metabolic mediators, including the 

anorexigenic hormone leptin, growth hormone, paroxonase, and proinflammatory cytokines, 

as well as lipid-carrying lipoprotein particles (HDL, LDL) in the circulation [5–9]. In 

addition to the ApoJ found in serum, nuclear-localized and cytoplasmic isoforms of ApoJ 

have been described, each with distinct functions [10]. Emerging data suggests that ApoJ is 

induced by stress and has a role as a cytoprotective extracellular chaperone [11, 12]. 

However, the functions of secreted ApoJ on glucose metabolism in human subjects have not 

been addressed.

ApoJ has been implicated in various human diseases, including atherosclerosis [13], 

Alzheimer’s disease [14], and cancer [15]. It has been reported that circulating ApoJ levels 

are elevated in humans with type 2 diabetes, obesity and systemic inflammation, all of which 
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are pathogenically featured by insulin resistance [16–18], as is Alzheimer’s [19]. In addition, 

a human ApoJ gene polymorphism was found to be associated with type 2 diabetes [20, 21]. 

Interestingly, a recent study reported that ApoJ in HDL is correlated with insulin sensitivity, 

while ApoJ in LDL/VLDL is associated with insulin resistance [9], suggesting a potential 

link between ApoJ and insulin action. However, no data are available about the relationship 

between circulating ApoJ levels and direct measures of insulin resistance in humans.

In this study, we assessed whether serum ApoJ levels are correlated with the magnitude of 

insulin resistance, and whether therapeutic interventions that improve insulin sensitivity 

would be associated with changes in serum ApoJ levels in human subjects with type 2 

diabetes.

2. Methods

2.1. Subjects and study design

Study 1—For the comparison of circulating ApoJ levels between nondiabetic (ND) and 

type 2 diabetic (T2D) subjects and for the evaluation of possible associations of serum ApoJ 

levels with insulin resistance, 27 ND subjects and 26 T2D subjects participated in our study 

(n=53). All ND subjects had normal glucose tolerance as defined by 2-h glucose level from a 

standard 75 gm oral glucose tolerance test (OGTT) <140mg/dL [22]. The ND subjects were 

healthy, weight stable, and were not taking any medications known to influence glucose 

metabolism. Treatment of diabetic subjects was as follows: metformin alone, n=11; 

metformin plus insulin, n=1; metformin + glipizide, n=3; glipizide alone, n=1; metformin + 

pioglitazone, n=1; metformin + liraglutide, n=1; metformin + insulin + liraglutide, n=2; 

metformin + canagliflozin, n=1; canagliflozin alone, n=1; metformin + canagliflozin + 

glipizide + saxaglipin, n=1; lifestyle alone, n=3. Diabetic subjects remained on their 

medications up to the time of sample collection.

Study 2—To evaluate the effect of rosiglitazone and metformin treatment on serum ApoJ 

levels, an additional set of T2D subjects (n=17) were enrolled in this study. Aspects of this 

study have been published previously [23, 24]. Following enrollment those participants on 

an anti-diabetic medication were asked to discontinue therapy for a 6-week washout period. 

All subjects were then randomized to one of 2 treatment arms: (1) high dose rosiglitazone (4 

mg bid, n=8), or (2) high dose metformin (1000 mg bid, n=9). Medications were started 

below target doses then titrated up over the initial 2 weeks to minimize potential side effects. 

Both subjects and investigators were blinded to treatment. Participants were placed on a 

standardized weight-maintaining diet and followed by a dietician monthly for adjustments in 

caloric intake. The same sets of evaluations were performed at baseline and 4 months, 

including: blood collection for serum evaluation, 75 gm OGTT, and euglycemic 

hyperinsulinemic clamps. The experimental protocol was approved by the Committee on 

Human Investigation of the University of California, San Diego. Written informed consent 

was obtained after explanation of the protocol.

Study 3—To compare the relationship between HDL and LDL associated ApoJ contents 

and insulin resistance index, nondiabetic (ND) (n=5) and type 2 diabetic (T2D) (n=4) 

subjects were enrolled. Fasting blood was drawn by venipuncture by a registered nurse in the 
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Clinical Research Center (CRC) at Beth Israel Deaconess Medical Center (BIDMC). 

Samples were immediately processed for serum isolation according to standard operating 

procedures and stored at −80°C until analysis as previously described [25]. All subjects 

provided written informed consent to participate in this study, approved by the BIDMC 

institutional review board.

2.2. Anthropometric measurements and blood tests

Height and body weight were measured in participants wearing light clothing using standard 

methods. The body mass index (BMI) was calculated as weight divided by height squared 

(kg/m2). All procedures and laboratory evaluations were performed after a 10–12 h 

overnight fast. The plasma concentrations of glucose were measured enzymatically using a 

glucose/lactate analyzer (YSI, Yellow Springs, OH). Fasting HDL-cholesterol, LDL-

cholesterol and triglyceride levels were measured enzymatically (ARUP Laboratories). The 

glycosylated hemoglobin (HbA1c) level was measured by high-performance liquid 

chromatography/boronate affinity (ARUP Labs). Fasting plasma insulin concentrations were 

determined using a chemiluminescent immunoassay (ARUP Labs). Insulin resistance was 

calculated using the homeostasis model of assessment of insulin resistance (HOMA-IR), 

calculated as fasting plasma glucose (mmol/L) × fasting insulin (μU/mL) / 22.5 [26]. The 

insulin secretion index was determined using HOMA-β (%) [27]. Area under the curve for 

glucose during the OGTT (AUGg) was calculated using the trapezoidal rule [28].

2.3. Measurement of serum ApoJ concentrations using quantitative immunoblotting 
analysis

Fasting serum ApoJ levels were measured in triplicate using western blot analysis as 

described previously [29]. Briefly, sera were diluted 1:100 in SDS-PAGE buffer (without 

DTT) and boiled for 7 min. Five μl of diluted sera were subjected to 10% Tris-glycine SDS-

PAGE gels (Criterion brand; BioRad) and transferred to nitrocellulose membranes. The 

membranes were incubated with a polyclonal primary antibody against ApoJ (Santa Cruz 

Biotechnology) diluted 1:1000. The membranes were then washed and incubated with 

horseradish peroxidase secondary antibodies (1:2000 dilution; GE Healthcare Life Sciences, 

Pittsburgh, PA). The bands were visualized with enhanced chemiluminescence and 

quantified by densitometry [30]. In a non-reducing condition, a single band for ApoJ, 

migrating at about 70 kDa, was observed. This condition produced consistent and 

reproducible results of ApoJ protein levels. To avoid irregularities due to gel quality or 

protein transfer, two reference serum samples were placed in the same position on each gel, 

and the four outermost lanes were not used for quantification.

2.4 Measurement of ApoJ contents in the fraction of HDL and LDL

Lipoproteins (HDL and LDL) in plasma were fractionated by sixty percent (w/v) iodixanol 

solution (Optiprep™, Sigma-Aldrich), followed by ultracentrifugation. Briefly, 1 ml of 

serum was mixed with 60% iodixanol and then transferred to a Quick-Seal® polypropylene 

tube to fit a TLA120 rotor. The tubes were then ultracentrifuged at 350,000 g for 3hr at 16°C 

(TL-100 Ultracentrifuge, Beckman). Fractions of HDL and LDL were collected by tube 

puncture. Each obtained fractions were directly analyzed by Sudan Black contained agarose 
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gel [31]. The same amount of protein from the HDL and LDL fraction was subjected to 

SDS-PAGE to detect ApoJ level as described in above (2.3)

2.5 Measurement of serum ApoJ by enzyme-linked immunosorbent assay (ELISA)

Total ApoJ protein was measured in duplicate by ELISA kit (Human Clusterin ELISA Kit, 

ab174447, Abcam, Cambridge, MA) with 1:300 dilution of serum samples, according to 

manufacture’s instructions. Inter- and intra-assay coefficients of varibility were 1.63% and 

5.01%, respectively. The range of detectable concentratin of ApoJ was 38–2400 ng/ml.

2.6. Hyperinsulinemic/euglycemic clamp

The subjects in Study 2 were admitted to the Special Diagnostic and Treatment Unit at the 

Veterans Administration Medical Center, San Diego before and after 4-months treatment 

with rosiglitazone or metformin. In vivo insulin action was determined by performing a 2-

step 5-hour hyperinsulinemic (60 mU/m2/min for 3 h, then 120 mU/m2/min for 2 h) 

euglycemic (5 mM) clamp as described previously [32, 33]. The glucose disposal rates 

(GDR) in each patient were determined from the values obtained during the steady-state 

periods for each insulin infusion, i.e. the values between the 140th and 180th minute of the 

low dose clamp and the 260th and 300th minute of the high dose clamp [34]. Insulin levels 

attained during the low-dose infusion, 149 ± 4 μU/mL, are sub-maximal and would provide 

information about insulin sensitivity. Insulin levels reached at steady state during the high 

dose infusion, 319 ± 12 μU/mL, should be at or near maximally stimulating concentrations, 

revealing insulin responsiveness for stimulation of whole body glucose disposal. Clamp 

insulin levels did not differ with treatment.

2.7. Statistical Analysis

The demographic characteristics of the study subjects were expressed as means ± SEM, or 

numbers and percentages, or median and interquartile ranges if their distributions were 

skewed. Differences between the mean values of T2D and ND subjects (Study 1) were 

examined using the Student’s t-test or chi-squared test. Using Pearson’s correlation analyses, 

the relationship between serum ApoJ levels and each covariate was evaluated. The 

independent association of ApoJ with fasting glucose, fasting insulin, HOMA-IR, and 

HOMA-β (%) was estimated using multiple regression models adjusted for age, sex and 

BMI. For Study 2 subjects, a paired t-test was used to compare baseline serum Apo J levels 

with those after a 4-month treatment with rosiglitazone or metformin, respectively. We 

performed analyses on the correlations between the change in ApoJ (ΔApoJ) and the change 

in GDR (ΔGDR) and AUGg (ΔAUGg) during treatment using Spearman partial correlation 

analysis. Statistical analyses were conducted using SAS version 9.1 for Windows (SAS 

Institute Inc., Cary, NC, USA). All reported p values were two-tailed. P-values less than 0.05 

were considered statistically significant.

3. Results

3.1. Clinical and metabolic characteristics of study subjects (Study 1)

The ND and T2D subjects were similar in age (Table 1). BMI was significantly increased in 

T2D subjects compared with ND subjects. Fasting serum glucose, fasting plasma insulin and 
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HOMA-IR were all markedly elevated in T2D subjects compared with ND subjects. Neither 

blood pressure nor HOMA-β differed between ND and T2D subjects.

3.2. Serum Apo J levels and their correlations with metabolic parameters (Study 1)

ELISA and quantitative western blotting analysis were performed to measure serum ApoJ 

levels from healthy subjects and those with type 2 diabetes. A stong correlationship between 

western blotting analysis and results from the ELISA (r = 0.7542, p < 0.0001) was found in 

(Fig. 1a). Fasting serum ApoJ levels determined by both ELISA and immunoblotting 

analysis were greatly elevated, by ~50%, in T2D subjects compared to ND subjects (ELISA: 

ND vs. T2D; 207.1±13.3 vs. 298.5±15.5 μg/ml, P < 0.0002, Western: ND vs. T2D; 

100.4±8.3 vs. 150.6±8.5 AU, P < 0.0001, Fig. 1b–d). When we classified ND subjects into 

tertiles according to HOMA-IR levels, subjects in the higher tertiles of HOMA-IR had 

higher levels of ApoJ than subjects in the lower tertiles of HOMA-IR (ApoJ levels in the 1st, 

2nd and 3rd tertiles of HOMA-IR; 80.0±11.6, 94.6±11.3 and 116.6±11.3 AU, P for 

trend=0.038).

Importantly, circulating ApoJ levels in all subjects were strongly correlated with several 

metabolic parameters, including fasting glucose, fasting insulin, HOMA-IR, and BMI, but 

not with age or HOMA-β (%) (Fig. 2a–f). In multiple regression analysis, ApoJ levels were 

a significant independent association factor for fasting insulin and HOMA-IR after adjusting 

for age, sex and BMI (Table 2). However, when we segregated the subjects according to the 

presence of diabetes, these associations were maintained in ND subjects but not in T2D 

subjects.

3.3. Clinical and metabolic characteristics of type 2 diabetic subjects treated with 
rosiglitazone or metformin (Study 2)

The type 2 diabetic subjects in the rosiglitazone and metformin groups were matched for age 

and obesity (Table 1). Just as was the case for the T2D subjects in Study 1, there was no 

association between baseline ApoJ levels and HOMA-IR (r=0.108, P=0.752). The same was 

true for ApoJ levels and baseline GDR60 and GDR120 (r=−0.171, P=0.512 and r=−0.188, 

P=0.470, respectively). After 4 months of rosiglitazone treatment, BMI was modestly 

increased, though the difference did not reach statistical significance, compared with before 

treatment. Treatment of T2D subjects with metformin for 4 months led to a slight decrease 

in BMI. Rosiglitzone treatment induced an increase of HDL-cholesterol and decrease of 

diastolic blood pressure. Both rosiglitazone and metformin therapy significantly reduced 

HbA1c and fasting glucose. However, only rosiglitazone decreased HOMA-IR significantly. 

At baseline insulin-stimulated whole body glucose disposal (GDR) was similar in both 

groups, at either insulin infusion rate. However, while rosiglitazone treatment increased the 

GDR at both the lower and higher insulin infusion rates, by 59% and 39%, respectively, 

metformin treatment did not result in significant changes in GDR (Table 1), Modest effects 

of metformin on GDR, compared to those induced by thiazolidinedione treatment, have been 

noted previously [35, 36].
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3.4. Changes in serum Apo J levels after rosiglitazone or metformin treatment inversely 
correlate with GDR (Study 2)

Rosiglitazone treatment of subjects with T2D resulted in a reduction in serum ApoJ levels 

(before vs. after treatment; 100±13.9 vs. 77±15.2 AU, P=0.015), while metformin had no 

effect on ApoJ levels (before vs. after treatment; 100.0±18.9 vs. 133.2±22.8 AU, P=0.199) 

(Fig. 3). When we performed correlation analyses between the change in ApoJ (ΔApoJ) and 

the changes in insulin action after treatment, ΔApoJ was strongly associated with Δfasting 

glucose and inversely associated with both ΔGDR60 (low dose) and ΔGDR120 (high dose) 

(Fig. 3). Perhaps due to the smaller sample size, the correlations between ΔApoJ and 

ΔGDR60 and ΔGDR120 were lost when the treatments were considered individually. No 

correlations were found between ΔApoJ and Δlipids (HDL-cholesterol, LDL-cholesterol, 

and triglyceride, all P > 0.9)

3.5. ApoJ content in HDL and LDL fraction (Study 3)

The non-diabetic and Type 2 diabetic subjects were matched for age and obesity (Table 1). 

The electrophoretic mobility of the HDL and LDL fraction is shown in Fig. 4a. As expected 

[31], the LDL fraction migrated further into the gel than the HDL fraction (Fig. 4a). ApoJ 

levels of the HDL-containing fraction were elevated by ~2 fold compared with that of the 

LDL-containing fraction (Fig. 4b). While the levels of ApoJ bound to LDL were inversely 

correlated with HOMA-IR (Fig. 4c), no correlation between ApoJ content in HDL and 

HOMA-IR was observed (Fig. 4d). Serum insulin inversely correlated with ApoJ in the 

HDL-containing fraction but not in the LDL-containing fraction (Fig. 4e & f).

4. Discussion

The current study provides crucial evidence of a close relationship between serum ApoJ 

levels and measures describing insulin resistance, including after an intervention that 

improves insulin action. Particularly, we show that the level of ApoJ in the serum correlates 

with a measure of insulin resistance (HOMA-IR), independently of obesity, especially in ND 

subjects. In T2D subjects, who had ~50% higher levels of serum ApoJ than ND subjects, we 

found that treatment with the insulin sensitizer rosiglitazone induced a decrease in serum 

ApoJ levels. Importantly, a correlation between the extent of reduction in serum ApoJ levels 

and the degree of improvement of insulin resistance was detected after treatment.

ApoJ is present in plasma as a soluble protein, as a component of a lipid-poor subclass of 

HDLs, or bound to LDLs and VLDLs in a small portion [9, 37]. Circulating ApoJ has been 

implicated in various cardiometabolic abnormalities, including dyslipidemia, atherosclerotic 

vascular diseases, and metabolic syndrome, as well as Alzheimer’s disease, all of which are 

characterized by insulin resistance [16, 18, 19, 38]. Furthermore, circulating ApoJ is closely 

correlated with total cholesterol or LDL cholesterol [16, 38, 39] and is elevated in people 

with coronary heart disease [16]. During the progression of vascular damage, ApoJ was 

found to accumulate in the aortic wall, but not in the normal aorta [40]. However, 

administration of ApoE null mice with oral ApoJ peptide dramatically reduced 

atherosclerosis [41], suggesting that ApoJ plays a protective role in the development of 

atherosclerosis and that elevated ApoJ concentrations in vascular disease may be secondary, 
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adaptive effects. In line with these findings, plasma ApoJ levels were shown to increase in 

humans with obesity, metabolic syndrome, and/or systemic inflammation, while they were 

reduced after weight loss [18, 42]. These observations are extended by the current results 

that serum ApoJ levels in T2D subjects are greatly increased, by ~50%, compared with ND 

subjects. What the current report adds is more detailed quantitative information about the 

relationships between ApoJ levels and insulin resistance, as well as the effects of therapeutic 

interventions. Together, these data raise the possibility that up-regulation of ApoJ levels in 

serum could be one feature of metabolically dysregulated states such as insulin resistance in 

human subjects.

Data demonstrating the importance of ApoJ content in lipoproteins for insulin action include 

the fact that ApoJ level in HDL was negatively associated with insulin resistance in a variety 

group of human subjects, including lean insulin-sensitive, lean insulin-resistant, obese 

insulin-resistant subjects, healthy and diabetic subjects [9]. While we did not observe such a 

relationship, we did find that ApoJ in the LDL fraction was inversely correlated with insulin 

resistance in normal and T2D subjects, a point not considered by those investigators. This 

descrepancy could be due to either differences in the methodologies for ApoJ measuments, 

or metabolic characteristics, as all of the subjects in Study 3 were obese, or another yet to be 

identified factor. Future studies will need to clarify the exact role of ApoJ associated with 

HDL and LDL in the development of insulin resistance.

How might ApoJ be playing a role in metabolic regulation? Our recent work identified ApoJ 

as an important regulator of the hypothalamic leptin signaling pathway that is essential for 

the regulation of energy balance [29]. Furthermore, we have preliminary data in animals 

indicating that ApoJ is required for optimal insulin action [43]. Considering this animal data, 

together with our human data, where increasing levels are associated with insulin resistance, 

it appears that the ApoJ/insulin signaling axis is under tight control. A ~50% increase in 

ApoJ levels compared to healthy individuals is a feature of T2D (Fig. 1), while a modest 

30% reduction with rosiglitazone treatment is associated with improved insulin resistance.

Again, it is important to note that serum ApoJ levels were independently correlated with the 

insulin resistance index in the combined data from both ND and T2D subjects but the 

correlation was maintained only in ND subjects when evaluated in separate regression 

models. This could be explained by several possibilities, including uncontrolled 

confounding. First, circulating ApoJ may be involved not only in insulin resistance, but also 

control of insulin secretion. Experimental evidence revealed that an ApoJ gene 

polymorphism is associated with both the insulin resistance index (HOMA-IR) and insulin 

secretion index (HOMA-β (%)) [20]. Interestingly, in a separate regression model adjusted 

for age, sex, and BMI, we found a positive correlation of ApoJ with HOMA-β in ND 

subjects (p=0.002), but not in T2D subjects (p=0.138), supporting involvement of ApoJ in 

regulation of pancreatic β-cell function. In this regard, some studies have demonstrated that 

ApoJ plays a role in the regulation of pancreatic β-cell neogenesis as a growth factor-like 

molecule [44, 45]. Considering that β-cell dysfunction is a major pathogenic mechanism of 

T2D and is aggravated with disease progression, it is conceivable that each individual with 

T2D could have a variable extent of β-cell dysfunction. Thus, the mixed effects of insulin 

resistance and insulin secretion on ApoJ levels may confound the correlations in subjects 
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with T2D. Second, the index for insulin resistance we used for the correlation analysis in the 

cross-sectional study (Study 1), HOMA-IR, may not be sufficiently sensitive, as it is 

considered more suitable for epidemiological surveys involving a larger number of subjects 

[46]. In addition, HOMA-IR is more informative about insulin action in the liver [47]. 

Meanwhile, GDR assessed by the clamp is a more reliable means of evaluating insulin 

sensitivity and glucose homeostasis in peripheral tissues, primarily skeletal muscle and 

adipose tissue [32]. However, in the T2D subjects where insulin sensitivity was evaluated by 

the clamp (Study 2), the lack of correlation between ApoJ levels and insulin sensitivity was 

also seen for GDR at both insulin infusion rates, as well as with HOMA-IR.

It is interesting to note that while both thiazolidinediones, such as rosiglitazone, and 

metformin can improve glucose intolerance and insulin action, they have been shown to do 

so through actions on different tissues and through activating different mechanisms [35, 36, 

48]. We found significantly increased serum adiponectin levels with rosiglitazone treatment 

(before vs. after treatment, 9.3±1.5 vs. 22.5±5.1ug/mL, P=0.02) but not with metformin 

treatment (before vs. after treatment, 8.7±3.0 vs. 9.1±1.4 ug/mL, P=0.83) in this study (n=6 

in each group, Study 2). Congruent with the current results, thiazolidinediones and 

metformin have divergent effects on circulating adiponectin and ApoJ levels in T2D subjects 

[49].

Limitations of the current investigation include the following: We could not evaluate causal 

relationships between serum ApoJ and insulin resistance due to the cross-sectional design of 

Study 1. The variety of anti-diabetic medications taken by the T2D subjects in Study 1 could 

also represent a source of variability. Yet the T2D subjects in Study 2 underwent a prolonged 

washout period and displayed the same behavior of ApoJ levels vs HOMA-IR as subjects 

who remained on therapy (Study 1). Furthermore, the number of females in the study groups 

was small, making it difficult to determine gender influences on the relationships and 

responses we observed. Only a portion of the subjects had insulin sensitivity determined by 

the more robust clamp procedure, yet the lack of correlation with ApoJ in T2D subjects was 

similar for HOMA-IR and GDR, validating the use of HOMA-IR in Study 1. In addition, 

while the numbers of subjects in the rosiglitazone and metformin treatment groups were 

small, they were, when combined, sufficient to show statistically significant effects for some 

outcomes. Nevertheless, we found strong correlations between circulating ApoJ levels and 

risk factors for insulin resistance in ND subjects, and improvement of insulin action together 

with falls in ApoJ levels with rosiglitazone treatment in T2D subjects, indicating that, within 

a limited range, serum ApoJ levels can be tightly linked to glucose metabolism and insulin 

sensitivity.

In conclusion, our data demonstrates that serum ApoJ levels are closely correlated with the 

magnitude of insulin resistance independent of obesity in ND subjects and in T2D subjects 

are elevated and reduced after treatment with the insulin-sensitizer rosiglitazone but not 

metformin. Further studies are neede to explore the role of circulating ApoJ as a novel 

metabolic marker of insulin resistance and to study whether it may be playing a pivotal role 

in the maintenance of normal insulin sensitivity in human subjects.
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Figure 1. Serum levels of ApoJ in nondiabetic (ND) and type 2 diabetic (T2D) subjects
(a) Correlation of ApoJ levels between western blotting analysis and ELISA in ND and T2D 

subjects. (b) Fasting serum ApoJ concentration in ND and T2D subjects. Serum ApoJ 

protein was measured by ELISA with 1:300 dilution of serum samples. Results are mean ± 

SEM for 13–27 subjects per group. *P<0.001 vs. ND. (c) Serum ApoJ protein in ND and 

T2D subjects. Proteins in sera were separated by SDS/PAGE and transferred to 

nitrocellulose membranes. ApoJ proteins were visualized by immunoblotting in a non-

reducing condition, which shows ~ 70 kDa as a single band. Ponceau S staining indicates 

that even amount of protein in each lane was loaded on the gel. Each lane in the blot 

represents a different subject. The immunoblots shown are representative of three blots. (d) 

Bars show densitometric quantitation of serum ApoJ from ND and T2D subjects. Results are 

means ± SEM for 26–27 subjects per group. *P<0.001 vs. ND.
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Figure 2. Correlations of ApoJ levels and risk factors for insulin resistance in nondiabetic (ND) 
and type 2 diabetic (T2D) subjects
Relationship of serum ApoJ with (a) fasting insulin levels, (b) fasting glucose levels, (c) 

HOMA-IR, (d) HOMA-β (%), (e) BMI, and (f) age.
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Figure 3. Effects of rosiglitazone and metformin treatment on serum ApoJ levels in subjects with 
type 2 diabetes
All subjects (n=17) underwent a 2-step 5-hour hyperinsulinemic-euglycemic clamp and 

blood was drawn before and at the end of the clamp. (a) Serum ApoJ protein in T2D subjects 

treated with rosiglitazone or metformin. Each lane in the blot represents a different subject. 

The immunoblots shown are representative of three blots. (b) Bars show densitometric 

quantitation of serum ApoJ from T2D subjects with rosiglitazone or metformin. Results are 

mean ± SEM for 8–9 subjects per group. *P=0.015 vs. pre-treatment of rosiglitazone.

Relationship of serum ΔApoJ with (c) Δfasting glucose levels, (d) ΔGDR60, (e) ΔGDR120, 

and (f) ΔAUGg. Serum ΔApoJ levels were calculated by subtracting pre-treatment ApoJ 

levels from posttreatment ApoJ levels.
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Figure 4. Correlations of ApoJ contents in HDL and LDL fraction and risk factor for insulin 
resistance in human subjects
(a) Serum lipoproteins (HDL and LDL) in iodixanol gradients were separated by Sudan 

Block containing agarose gel. (b) ApoJ proteins in HDL and LDL fraction were separated by 

SDS/PAGE and transferred to nitrocellulose membranes. Each lane in the blot represents a 

different subject. The immunoblots shown are representative of three blots (H: HDL, L: 

LDL). Bars show densitometric quantitation of ApoJ from HDL and LDL fractions. Results 

are mean ± SEM for 9 subjects per group. *P<0.0001 vs. ApoJ from LDL.

(c–f) Relationship of ApoJ bound to HDL or LDL with HOMA-IR and fasting insulin levels.
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