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Abstract
Serum retinol binding protein 4 (RBP4) was recently described as a new adipokine that reduced
peripheral and hepatic insulin sensitivity and increased hepatic gluconeogenesis. The RBP4 gene
maps to 10q23-24, near a region linked to T2DM in Caucasian and Mexican American populations.
Hence, sequence variants that alter RBP4 expression or function could increase T2DM susceptibility
and reduce insulin sensitivity. We screened the 6 exons, flanking intronic sequence, and 5’ and 3’
flanking sequences in 48 Caucasian and 48 African American subjects. We identified 21 SNPs, of
which 8 were unique to the African American population. Additional public database SNPs were
chosen for regions not screened. We selected SNPs for typing based on frequency, linkage
disequilibrium, and location in a putative functional or conserved region. We typed 10 SNPs in 191
Caucasians with T2DM and a family history of T2DM, and 188 euglycemic controls with no family
history of diabetes. We similarly typed 14 variants in 182 controls and 353 diabetic individuals of
African American ancestry. No single variant was associated with type 2 diabetes in either population
(p>0.15 in African Americans, p>0.09 in Caucasians), but a haplotype of 8 common SNPs in
Caucasians was significantly increased in type 2 diabetics compared with controls (0.137 vs 0.076,
p=0.008). Furthermore, SNPs -804 and +9476 were associated with reduced insulin secretion,
(p=0.01 and 0.001, respectively), and SNP +390 with reduced insulin sensitivity (p=0.0005) in
Caucasians. Our data suggest that noncoding SNPs may increase diabetes susceptibility in Caucasians
and may contribute to insulin resistance and reduced insulin secretion.
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Introduction
Insulin resistance and progressive β-cell failure are key factors in the pathogenesis of type 2
diabetes mellitus (T2DM) [1]. Genome scans and association studies suggest a complex genetic
etiology for diabetes susceptibility [2]. Most glucose after a meal is taken up by muscle by way
of insulin-mediated recruitment of GLUT4 transporters to the cell surface [3]. However, the
markedly increased risk and prevalence of T2DM with accumulating adiposity is inconsistent
with the small role that adipocytes play in post-prandial glucose uptake. Such arguments
suggest that adipocytes influence T2DM pathogenesis beyond their minor role in glucose
disposal. Indeed, adipocytes secrete a plethora of cytokine-like products that alter insulin
sensitivity, including tumor necrosis factor α, resistin, leptin, interleukin 6, and adiponectin
[4].

Recent studies have suggested an even broader role for adipocytes in the control of whole body
glucose metabolism. Mice with an adipose-specific knockout of GLUT4 developed both
muscle and hepatic insulin resistance along with glucose intolerance [5]. Because muscle
insulin sensitivity was normal ex vivo, a circulating adipocyte factor was proposed [5].
Subsequently, these investigators demonstrated elevated expression of retinol binding protein
4 (RBP4) in adipocytes from the same adipocyte-Glut4-/- mice [6]. Serum levels of RBP4 were
increased in adipocyte-Glut4-/- animals. When RBP4 levels were reduced by a synthetic
retinoid (fenretinide) or by RBP4 deletion, peripheral insulin sensitivity increased [6].
Furthermore, increased serum RBP4 stimulated hepatic gluconeogenesis through stimulation
of phosphoenolpyruvate carboxykinase [6]. These results suggested that adipocyte-derived
RBP4 may be a key factor regulating peripheral tissue response to insulin-stimulated GLUT4
action.

Additional evidence for a primary role of RBP4 in humans was reported recently by Graham
et al [7]. In three populations studied, RBP4 levels correlated with total adiposity (body mass
index, BMI), abdominal obesity, and fasting insulin levels, and were inversely proportionate
to glucose disposal using euglycemic clamp studies [7]. RBP4 levels were increased in subjects
with impaired glucose tolerance or diabetes relative to euglycemic controls, and RBP4 serum
levels fell in individuals responding to exercise training with improved insulin sensitivity.
Finally, serum RBP4 levels correlated inversely with insulin sensitivity among individuals
with a family history of T2DM. Together with mouse data [6], these studies support a primary
role of RBP4 in insulin action in humans and suggest that genetic variation in RBP4 might
alter risk for T2DM [8].

The RBP4 gene is located on chromosome 10q24 in humans near a region linked to elevated
fasting blood glucose and 20-year mean blood glucose levels in European Caucasians [9] and
to T2DM in Mexican-American subjects [10]. We hypothesized that genetic variation in
RBP4 resulting in over-expression of the gene product contributes to the reported increase in
serum RBP4 levels, insulin resistance, and T2DM. We extensively screened the RBP4 gene
for sequence variants in African American and Caucasian subjects and evaluated the role of
these variants by testing the association with T2DM, and by examining the impact on
prediabetic intermediate traits (insulin sensitivity and insulin secretion) in nondiabetic
individuals.

Materials and Methods
Experimental Subjects

The study populations are summarized in Table 1. Caucasian individuals were ascertained in
Utah for Northern European ancestry, as described previously [11;12]. Additional Caucasian
and African-American individuals were ascertained from Arkansas for similar criteria [12].
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Briefly, all individuals with T2DM had at least one other first-degree relative with type 2
diabetes. Nondiabetic control individuals had no known family history of diabetes and had
either a normal 75-g oral glucose tolerance test or a fasting glucose level below 5.6 mmol/l
(100 mg/dl). All subjects provided written informed consent under protocols approved by either
the University of Utah or the University of Arkansas for Medical Sciences Institutional Review
Boards.

Sequence variation was determined in 48 unrelated Caucasian and 48 unrelated African
American volunteers, including 36 subjects with T2DM requiring therapy and 12 glucose-
tolerant control subjects from each population. Case-control association studies with T2DM
were conducted in 191 Caucasian subjects with T2DM and 188 Caucasian control subjects,
and in 353 African American subjects with T2DM and 182 nondiabetic African American
subjects. Association of RBP4 SNPs with insulin sensitivity and insulin secretion was tested
in three populations totaling 449 individuals (Table 1). The first population included 122
nondiabetic members of families ascertained in Utah for at least 2 diabetic siblings who were
studied using the tolbutamide-modified intravenous glucose tolerance test [13], of which 27
individuals had impaired glucose tolerance. A second Caucasian population of 208 subjects
was ascertained in Arkansas for normal glucose tolerance but with variable family history.
Finally, we studied 119 African American individuals who were similarly ascertained in
Arkansas. The two Arkansas populations underwent either tolbutamide modified intravenous
glucose tolerance tests (65 African American subjects; 100 Caucasian subjects), or because
tolbutamide became unavailable during this ongoing study, an insulin modified test using 0.04
units/kg of insulin (54 African American and 108 Caucasian subjects).

Variant detection
We designed primers from the human genome sequence (AL356214) and alignment with the
human RBP4 mRNA sequence (NM_006744) to cover each of the predicted 6 exons, including
the untranslated exon 1, introns 1-3, 100-250 bp of intronic sequence flanking exons 4, 5 and
6, and 1.0 - 1.2 kb of 5’ and 3’ flanking sequence (Figure 1). Initial screening for sequence
variants was by denaturing high-performance liquid chromatography (DHPLC) using a
Transgenomic WAVE HT DNA Fragment Analysis System (Transgenomic, Inc, Omaha, NE).
Amplification primers were designed using Oligo 6.0 (Molecular Biology Insights, Cascade,
CO) and Wavemaker Software, Version 4.0 (Transgenomic, Inc). Altered migration was
confirmed and characterized by bidirectional sequence analysis using a CEQ8000 (Beckman-
Coulter, Fullerton, CA) capillary sequencer or a LI-COR GR-4200 (LI-COR Biotech, Lincoln,
NE) sequencer according to manufacturer’s protocols. Additional variants in introns 4 and 5,
which were not completely screened, were selected for evaluation from available HapMap data
[14].

Genetic Analysis
Single nucleotide polymorphisms (SNPs) were typed by Pyrosequencing (PSQ96, Biotage AB,
Uppsula, Sweden) using manufacturer protocols, except that a universal sequence was
appended to one sequence-specific primer and amplification was performed in the presence of
the universal biotinylated primer. Additionally, at least 68 unrelated, nondiabetic individual
samples were tested from each ethnic group to determine linkage disequilibrium (LD). All
SNPs were in Hardy-Weinberg equilibrium (p>0.2). Variants for typing in the full case-control
association study were selected in part based on pairwise linkage disequilibrium for r2 < 0.9
([15]. Markers for typing in individuals who were assessed for insulin sensitivity (SI) were
chosen from the combined case-control sample for a minor allele frequency over 10% and
pairwise selection of haplotype tagging SNPs using TAGGER (parameter r2=0.8, Haploview
v 3.2; [16]). Selection of SNPs was performed separately for African American and Caucasian
populations.
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Statistical Analysis
Allelic association was tested separately for each ethnic group using the Fisher Exact Test.
Marker phase and linkage disequilibrium were determined from unrelated samples using the
Expectation-Maximization algorithm in combined case and control populations using
programs implemented in Haploview v 3.2 [16]. Haplotype block structure was determined
using both solid spline and confidence interval block definitions [17]. Haplotype associations
were tested using HaploView 3.2 and adjusted p values determined by permutation tests.
Insulin sensitivity (SI) was calculated using either the MinMod program from intravenous
glucose tolerance test data [18], or for subjects studied in Arkansas, the MinMod Millenium
program [19]. Acute insulin response to glucose (AIRG) was determined from the mean 2 min
– 10 min excursion over baseline in the Utah study, or as the area under curve taken from the
MinMod Millenium output for Arkansas studies. Disposition index (DI) was calculated as
SI*AIRG [20;21]. Association of SNPs with quantitative metabolic traits was determined using
the general linear regression models in SPSS for Windows v 12 (SPSS, Inc, Chicago, IL).
Skewed variables (BMI, SI, AIRG, DI) were ln-transformed prior to analysis. Fixed factors and
covariates included age, gender, BMI, diagnosis (Utah study), and protocol (Arkansas studies).
To correct for relatedness of subjects, family membership was included as a random variable
in the Utah study. All marginal means were compared after inclusion of covariates. P values
are presented based on comparison of marginal means and are reported without correction for
multiple hypothesis testing. Significance thresholds were determined for each population based
on the estimation of the effective number of SNPs proposed by Nyholt based on the correlation
matrix [22].

Results
We identified 21 SNPs by screening in both ethnic groups (Figure 1, Table 2; and Online
Supplement, Table 6S), of which 13 were present in the public database (dbSNP) [23]. No
nonsynonymous SNP was observed, and 8 SNPs were observed only in African Americans.
We examined an additional 6 SNPs from the HapMap project located in introns 4 and 5. Of
the 21 SNPs identified by screening, 7 had minor allele frequencies <5% and hence were not
typed due to low power to detect an association (Online Supplement, Table 6S). An additional
2 SNPs (Figure 1, -9727 and -180) could not be typed as a result of homopolymeric sequences
surrounding the SNP. We assessed linkage disequilibrium for 17 SNPs in African Americans
and 14 SNPs in Caucasians (Online Supplemental Data, Figures 2S and 3S). Based on strong
pairwise linkage disequilibrium (r2>0.9), we excluded an additional 3 SNPs in African
Americans and 4 SNPs in Caucasians from further typing. Results of case control allelic
association studies are shown in Table 1, and genotypic counts are shown in Online
Supplement, Table 7S. No individual SNP showed an allelic association with T2DM in either
population (Table 2); the strongest association gave an uncorrected p value of 0.095 (Table 2;
Online Supplement, Table 7S).

To test the hypothesis that a haplotype harboring a SNP that was not tested or could not be
typed might contribute to T2DM, we constructed haplotypes for each population using all SNPs
with a minor allele frequency over 5% (Table 2). In Caucasians, visual inspection and block
structure based on solid spline of linkage disequilibrium placed all 8 common SNPs in a single
block (-804, 390, 406, 759, 6969, 9476, 10670, and 11881) with 5 haplotypes (see Online
Supplement, Figure S1). A single haplotype was associated with T2DM (p=0.008; permuted
p, 0.04 on 100,000 permutations) with a frequency of 13.7% in cases and 7.6% in controls
(Table3). No other haplotype was significantly more common in cases than controls. In
contrast, no haplotype, regardless of block definition (see Online Supplement, Figure 3S), was
more common in African American cases than controls (data not shown).
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Based on the evidence that circulating RBP4 protein levels correlate with insulin resistance
[7], we tested the role of RBP4 sequence variation in SI, AIRG, and DI. We selected 5 RBP4
SNPs in Caucasians (-804, +390, +759, +9476, and + 10350), and 7 RBP4 SNPs in African
Americans (+759, +848, +3681, +7019, +7803, +9476, and +11881) for a minor allele
frequency >0.05 and pairwise linkage disequilibrium of r2 >0.8. Results are summarized in
Table 4, and marginal means for nominally significant associations are shown in Table 5. SNP
+390 was significantly associated with reduced SI (3.32 to 1.69; p=0.0005). The correlated
value, DI (SI x AIRG), was also significantly decreased (1230 to 695; p=0.005). Using the
Nyholt method [22] to correct for multiple testing while considering the strong linkage
disequilibrium among SNPs, and ignoring the correlation between DI and both SI; and AIRG,
we determined an appropriate threshold for significance (3 traits and 4.3 effective SNPs) at
0.004. Hence, the association with SI remained significant, and the association with DI was
borderline significant. The association of AIRG with SNP +9476 in the Utah Population (210
vs 131; p=0.001) was the only other significant association based on this somewhat
conservative threshold. The latter association appears to be supported by similar data in
Arkansas Caucasians (402 vs 331; p=0.04 uncorrected).

Discussion
RBP4 has been proposed as a circulating, adipocyte-derived signal that may contribute to
secondary insulin resistance in muscle and liver, both in mice and humans [6;7]. A recent study
[7] demonstrated an association of circulating RBP4 protein levels in serum with insulin
resistance measured by euglycemic clamp in three populations, and an earlier study
demonstrated increased serum RBP4 levels with obesity and T2DM. We are not aware of any
published work that has examined the role of genetic variation in RBP4 with T2DM or insulin
resistance. Such studies were called for in a recent editorial [8]. We have examined two
populations: Caucasians and African Americans. We found no variants that altered the amino
acid sequence of RBP4 in either population. Many of the variants identified were rare, and the
variants typed were in strong linkage disequilibrium, particularly in Caucasians. Hence,
although we did not fully resequence the large introns 4 and 5, we have likely captured the
genetic variation in and around this gene.

Although no single SNP was associated with T2DM, we did identify a haplotype comprising
all 8 common SNPs in Caucasians that was significantly increased in T2DM relative to controls
after permutation testing. By standards required to show and confirm the generally modest
effect sizes observed in other T2DM genes, our population is relatively small; hence, this
finding requires replication. Over the range of minor allele frequencies observed in this study,
we have over 70% power at p<0.05 (uncorrected for multiple tests) to detect a difference in
allele frequency of 7%-10% between Caucasian cases and controls, corresponding to an odds
ratio (OR) of 1.5 to 1.8, or approximately the range observed for the well replicated TCF7L2
diabetes gene [24]. Among African Americans our power was slightly higher, with at least
70% power to detect a frequency difference of 6% to 8%, or an OR range of 1.4 to 1.7. Using
the single SNPs with the largest differences in minor allele frequency between cases and
controls, we would need over 1600 cases and 1600 controls for 70% power to find a difference
in African Americans (rs34571439 or rs10882273), or 505 Caucasian cases and 505 Caucasian
controls to find a significant difference given the observed frequencies at rs10882273. Further
evaluation of the latter SNP is clearly justified.

Given the lack of association of any individual SNP with T2DM, a variant not detected, perhaps
in the flanking regions or unsequenced introns, may be responsible for the observed haplotype
association. In contrast, among the African American population where linkage disequilibrium
is weaker and more SNPs were required to cover the full gene, we found no evidence for an
association of individual SNPs or haplotypes covering each of the blocks. The lack of
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replication in the African American case-control sample may have resulted from spurious
association in the Caucasian sample, a lower effect size or frequency of the risk allele in the
African American population, or different gene-environment interactions in the two population
groups. Alternatively, because of lower levels of linkage disequilibrium in African Americans,
the haplotypes examined may not have captured the full genetic diversity in the two large
introns.

We did see an association of individual SNPs with quantitative traits related to glucose
homeostasis in nondiabetic subjects, including SI (SNP +390 in Arkansas Caucasians),
AIRG (SNP +9476 in both Caucasian studies; SNPs -804 in Utah Caucasians and +3681 in
African Americans), and DI (SNP +390 in Arkansas Caucasians). Some of the associations in
Table 4 may be spurious given the testing of 3 traits and 5-7 SNPs in each population. Indeed,
the associations are not entirely consistent across populations. Thus, the -804 SNP association
with AIRG was observed only in the Utah sample, SNP +390 was associated with SI only in
Arkansas Caucasians, and SNP +3681 was associated with AIRG and DI only observed in
African Americans. SNP +9476 showed the best consistency with an association with AIRG
in both Caucasian populations, but the association with insulin secretion was unexpected. Other
than spurious associations (type 1 error), the lack of consistency has several possible
explanations: 1) relatively small samples combined with possibly small effect size, and hence
low power for replication; 2) differences in environment and ascertainment, particular with
respect to diet, BMI, and family history of diabetes; 3) different analytical methods, with Utah
samples requiring correction for family membership and glucose tolerance status in addition
to age, gender, and BMI.

The mechanisms by which noncoding RBP4 variants could increase diabetes risk, decrease
insulin secretion, or decrease insulin sensitivity are unclear. Previous data suggested that
insulin sensitivity and risk of T2DM might be related to circulating RBP4 protein levels [6;
7]; these in turn were proposed to reflect adipocyte gene expression [6]. We have not measured
serum RBP4 levels, nor do we have measures of adipocyte gene expression to address this
hypothesis. RBP4 is expressed widely, with the highest level in the liver, but with significant
expression also in pancreatic islets based on expressed sequence tags (ESTs). Hence, the gene
may have non-endocrine effects. Furthermore, the exact structure of the gene is unclear, with
various annotations assigning from 6 to 9 exons. Available ESTs predict at least 5 splice forms;
furthermore, conservation and EST clones suggest that the large 4th intron (Figure 1) may
harbor several exons. Hence, both tested SNPs and SNPs not tested but in strong linkage
disequilibrium with typed variants may have a functional role in alternative splicing. Such
SNPs may even alter the protein sequence of some splice forms. Such effects could be tissue
specific, and might explain the role of RBP4 in insulin secretion, as suggested by our data.
Such potential roles of RBP4 are clearly different from those suggested in the published data
that led us to conduct the present study.

In summary, recent data have added RBP4 to the circulating factors that influence insulin
sensitivity and diabetes risk. The present study is to our knowledge the first to search for genetic
variants in that gene. We find evidence in Caucasians that noncoding variants in or near
RBP4 contribute to the risk of T2DM, are associated with reduced insulin sensitivity (SI), and
appear to reduce insulin secretion and compensation for insulin resistance. In contrast, we find
little role for RBP4 in either diabetes or intermediate traits among African Americans.
Replication of our results in additional studies, particularly for the diabetes-associated
haplotype, will be important in determining the role of genetic variation in RBP4 in diabetes
susceptibility.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Map of RBP4 gene with genotyped variants
Boxes represent exons, the horizontal line represents the introns and flanking sequence.
Translated sequences are shown in black and the untranslated exons are indicated by diagonal
patterned boxes. Arrowheads represent approximate location of each single nucleotide
polymorphism (SNP). Regions screened are shown as lines below the figure; other single
nucleotide variants were obtained from public databases.
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Table 1
Summary of Study Populations

Population Male/Female Body Mass Index (kg/m2) Age (years)
Caucasian Case/Control Control 73/115

Case 134/57
29.3 (19.8, 43.2) 56.9 (14.1)

African American Case/Control Control 90/92
Case 189/164

31.2 (20.0, 48.8) 50.0 (13.9)

Utah Caucasian Family Based Metabolic Study 50/72 27.5 (18.3, 41.3) 39.3 (10.5)
Arkansas Caucasian Population based metabolic study 73/135 30.8 (18.2, 41.9) 36.4 (9.0)
African American Population based metabolic study 48/71 30.1 (19.9, 45.8) 37.5 (8.9)
Means are shown as arithmetic means for normal variables and geometric means for skewed variables (BMI). Age is shown as mean (SD); body mass
index is shown as mean (95% CI) transferred to the linear scale from the ln-transformation.
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Table 3
Haplotype Frequencies for RBP4 SNPs in Caucasian Cases and Controls

Haplotype Case Freq Control Freq Chi Sq. p value

GGTTGTGT 0.578 0.631 2.178 0.14
AGTGCGAC 0.166 0.172 0.054 0.8168
GGTGGTGC 0.137 0.076 7.039 0.008
GCCGGTGC 0.069 0.057 0.427 0.5134
GGTGCGAC 0.018 0.019 0.005 0.9456

Haplotypes were estimated from Haploview in Caucasian cases and controls for SNPs -804, 390, 406, 759, 6969, 9476, 10670, and 11881 (Table 1).
Uncommon SNPs were not included in the analysis. P values are shown without correction; the corrected p value by permutation was 0.039 for haplotype
GGTGGTGC (100,000 permutations).
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