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Abstract

The IKKβ/NF-κB pathway is known to play an important role in inflammatory response and has

also recently been implicated in the process of insulin resistance. We hypothesized that one or

more variants in the IκBα gene (NFKBIA) or surrounding untranslated regions would be

associated with insulin sensitivity (SI) in Hispanic-American families. We tested for association

between 25 single-nucleotide polymorphisms (SNPs) in and near NFKBIA and SI in 981

individuals in 90 Hispanic-American families from the Insulin Resistance Atherosclerosis (IRAS)

Family Study. SNP rs1951276 in the 3′ flanking region of NFKBIA was associated with SI in the

San Antonio (SA) sample after adjusting for age, gender, and admixture (uncorrected P = 1.69 ×

10−5; conservative Bonferroni correction P = 3.38 × 10−4). Subjects with at least one A allele for

NFKBIA rs1951276 had ~29% lower SI compared to individuals homozygous for the G allele in

the SA sample. Although not statistically significant, the effect was in the same direction in the
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San Luis Valley (SLV) sample alone (P = 0.348) and was significant in the combined SA and

SLV samples (P = 5.37 × 10−4; presence of A allele associated with ~20% lower SI). In SA, when

adjusted for subcutaneous adipose tissue area (SAT, cm2), the association was modestly attenuated

(P = 1.25 × 10−3), but the association remained highly significant after adjustment for visceral

adipose tissue area (VAT, cm2; P = 4.41 × 10−6). These results provide corroborating evidence

that the NF-κB/IKKβ pathway may mediate obesity-induced insulin resistance in humans.

INTRODUCTION

Insulin resistance is a risk factor for type 2 diabetes (T2D) and cardiovascular disease. The

prevalence of T2D has steadily risen in the United States and worldwide for the past several

decades and is associated with significant morbidity and mortality. Increasing insulin

resistance has been shown to strongly and consistently predict T2D (1–3) such that

understanding the biological mechanisms of insulin resistance may provide insight to

prevention strategies for T2D.

Several lines of evidence point to a relationship between inflammation and insulin resistance

even if the nature of the relationship is unknown. Elevated serum levels of several

proinflammatory cytokines have been shown to be associated with insulin resistance in

epidemiologic studies (4,5). Obesity, a risk factor for insulin resistance, is also associated

with chronic low-level inflammation (6). Furthermore, treatment of individuals with high

doses of anti-inflammatory salicylates has long been known to decrease blood glucose levels

in diabetic patients (7–11). However, until relatively recently, the mechanism of this action

was poorly understood. Kopp and Ghosh (12) showed that aspirin and sodium salicylate

inhibited the action of nuclear factor kappa B (NF-κB), a transcription factor which is

upregulated by inflammatory stimuli and regulates the transcription of several inflammatory

stimuli such as interleukin-6 and tumor necrosis factor-α. In addition, it has been shown that

aspirin and sodium salicylates specifically inhibit the action of serine kinase IκB kinase-β
(IKKβ), one of three kinases in the IKK complex that regulates NF-κB (13). As the NF-κB/

IKKβ pathway is mediated by the inflammatory response, and because inhibition of the

pathway improves blood glucose levels, Shoelson et al. (14) hypothesized that the NF-κB/

IKKβ pathway might explain, in part, the relationship between insulin resistance and

inflammation, particularly in the context of obesity.

Inhibitor of NF-κB alpha (IκBα) inhibits NF-κB by binding to one or more of its

components, sequestering it in the cytoplasm until IκB is degraded after phosphorylation by

IKKβ. Gao et al. (15) demonstrated that aspirin treatment prevents IκBα degradation in

human muscle and a decrease in IκBα in human skeletal muscle is associated with fatty

acid-induced insulin resistance (16). Despite the evidence that IκBα may be relevant to

insulin resistance, no genetic studies have explored the potential for association between the

IκBα gene (NFKBIA) and insulin resistance.

Given the importance of IκBα in regulating the NF-κB pathway, we investigated the

relationship between several variants in NFKBIA and a measure of insulin sensitivity (SI)

from a frequently sampled intravenous glucose tolerance test. We show that single-

nucleotide polymorphism (SNP) rs1951276, located in the 3′ flanking region of NFKBIA, is
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associated with SI in a Hispanic-American sample. These results provide corroborating

evidence that genetic variation the IKKβ/NF-κB pathway, and IκBα in particular, may

mediate insulin resistance in humans.

METHODS AND PROCEDURES

Subject recruitment

Study design, recruitment, and phenotyping for the Insulin Resistance Atherosclerosis

(IRAS) Family Study have been described in detail (17). Briefly, the IRAS Family Study is

a multicenter study designed to investigate the genetic determinants of glucose homeostasis

and adiposity. Probands who self-identified as Hispanic American or African American

were first identified from the IRAS cohort study (18) and recruitment was supplemented

with non-IRAS participants and their families. All families were recruited based on size and

structure without regard to glucose tolerance or T2D status. Hispanic participants were

recruited from two clinic sites, one in San Antonio (SA), Texas, and one in San Luis Valley

(SLV), Colorado. There were a total of 1,268 Hispanic individuals from SA, Texas (60

families; 649 individuals), or the SLV, Colorado (30 families; 619 individuals) who had

DNA available. For this study, a total of 1,147 individuals from 90 Hispanic families who

had a frequently sampled intravenous glucose tolerance test were available from SA (586) or

the SLV (561). All protocols were approved by the institutional review boards at each

institution and all participants provided written informed consent prior to participation.

Clinical protocols

Clinic examination of participants included a frequently sampled intravenous glucose

tolerance test using the reduced sampling protocol (19) as previously described (20). In

addition to anthropometric measures of adiposity, abdominal fat area was measured using a

computed tomography scan for abdominal adiposity measurements at the L3/L4 and L4/L5

vertebral regions for subcutaneous adipose tissue area (SAT) and visceral adipose tissue area

(VAT) as previously described (17).

Genotyping

We initially genotyped 11 SNPs in and around NFKBIA (rs1951276, rs743228, rs7152826,

rs3138056, rs3138055, rs696, rs8904, rs3138054, rs1967106, rs2233409, and rs3138053).

SNPs were chosen based on linkage disequilibrium (LD) information from the HapMap

Project (www.hapmap.org) and SeattleSNPs (http://pga.gs.washington.edu) resources and to

capture regions implicated in association studies with other diseases. SNPs were selected

from the CEU (population of northern and western European ancestry) population of

HapMap and the European population of SeattleSNPs. To sample additional variability in

the region of interest, additional SNPs were chosen for genotyping based upon LD structure

in the YRI (Yoruba in Ibadan, Nigeria) samples from HapMap. At least one genotyped SNP

had an r2 ≥ 0.65 with all known common (minor allele frequency >5%) variants in and near

the gene (including 20 kilobases in the 3′ untranslated and flanking regions and 5 kilobases

in the 5′ untranslated regions (UTR)) at the time of initial screening. Genotyping was

performed on a MassARRAY system (Sequenom, San Diego, CA) as previously described

(21). Based on 60 duplicate samples, the overall discrepancy rate was 0% and overall
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genotype success rate was >92%. Based on the results with the first 11 SNPs, we

subsequently genotyped an additional 14 SNPs (rs8019505, rs12891443, rs3138045,

rs4982270, rs2007960, rs17103274, rs8013309, rs1012919, rs17103282, rs8018407,

rs8018193, rs2415290, rs8008601, rs762009, and rs4982271) so that at least one typed SNP

had an r2 ≥ 0.90 with all known common variants in and near the gene (including 20

kilobases in the 5′ UTR).

Statistical analysis

The primary outcome for this study was SI, a measure of insulin sensitivity derived using

minimal model (22) analysis of glucose and insulin data from the frequently sampled

intravenous glucose tolerance (MINMOD Millennium, v5.18; MINMOD, Pasadena, CA).

Each SNP was checked for Mendelian inconsistencies using Pedcheck (23); inconsistencies

that could not be resolved by inspection of genotype spectra were converted to missing.

Genotype frequencies at each SNP were tested for consistency with Hardy–Weinberg

Equilibrium proportions using the exact test based on the largest group of unrelated

individuals using the PEDSTATS (24) package. Allele frequencies for each SNP were

estimated using family data with the MENDEL program (v5.7) (25). LD measures (D′ and

r2) were calculated in Haploview, v4.0 using the largest group of unrelated individuals (26).

Tests of association

We compared phenotypic means between clinic sites using a variance components model,

which directly models the covariance among related individuals. Continuous outcomes SI,

acute insulin response (AIR) and disposition index (DI) were natural log or square root

transformed for analysis to best approximate the model assumptions (i.e., conditional

multivariate normality and homogeneity of variance). Individuals with T2D were excluded

(66 from SA and 41 from SLV). We tested for phenotypic differences between clinic sites

using the variance components model. We tested for association between each SNP and SI

using a likelihood ratio test under a variance components measured genotype approach as

implemented in Simultaneous Oligogenic Linkage Analysis Routines (v.2.1.4) (27). For

each clinic site separately, we tested for association using the likelihood ratio test under an

additive model, unless the number of homozygous individuals for the minor allele was <10,

where we tested under the dominant model (defined as presence of at least one copy of the

minor allele). For SNPs that were highly associated with SI, we also tested for associations

with other clinically relevant phenotypes such as AIR or DI.

For the first 11 SNPs we genotyped, each test was adjusted for (i) admixture (see below),

age, and gender only, and (ii) admixture, age, gender, and BMI. Because SNPs rs696 and

rs8904 were in nearly perfect LD (see Results), we tested for association with only rs696.

Based on the results with the BMI adjustment, we conducted analyses with rs1951276,

adjusting for VAT, SAT and VAT to SAT ratio (VSR). Finally, based on the results for the

first 11 SNPs (rs1951276 in particular), for the next 14 SNPs that were subsequently

genotyped, we adjusted for (i) admixture, age, and gender and (ii) admixture, age, gender,

and VAT.
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Admixture adjustment

The IRAS Family Study has genotyped 80 unlinked SNPs across the genome on a large

fraction of IRAS Family Study participants. These markers were chosen as ancestry

informative markers (K. Taylor, personal communication) for the purposes of admixture

adjustment. Based on a principal components analysis of these 80 markers, the second

principal component explained a significant proportion of the genetic variance in the

Hispanic sample and represents the proportion of European admixture for each individual.

We adjusted for admixture by including this principal component as a covariate in our

Simultaneous Oligogenic Linkage Analysis Routines models.

RESULTS

We report results from 499 individuals in the SA sample and 482 individuals in the SLV

sample with complete frequently sampled intravenous glucose tolerance tests who were

successfully genotyped on at least one NFKBIA SNP and the 80 ancestry informative

markers. The number of individuals per family ranged from 3 to 48 with a mean of 21.

Descriptive characteristics for each clinic sample are shown in Table 1. Individuals from the

SLV sample tended to have lower BMI (P = 5.48 × 10−5) and better glucose homeostasis

profiles compared to individuals from the SA sample (higher SI (P = 0.0040) and DI (P =

9.79 × 10−7); lower AIR (P = 0.0357) and glucose effectiveness (P = 5.19 × 10−15)). The

second principal component explained 5.1% of the genetic variation in the combined

Hispanic samples and differed markedly between the two clinic sites (P = 1.03 × 10−13).

NFKBIA is located on chromosome 14, is only 3.3 kilobases long, and has six exons.

Characteristics of all 25 genotyped SNPs are shown in Supplementary Table S1 online.

Minor allele frequencies are similar between the two samples for many of the SNPs, but

show marked differences for SNPs rs8019505, rs7152826, rs3138055, rs696, rs8904, and

rs3138053. In addition, for SNPs rs3138056 and rs4982270, the clinic sites have opposite

minor alleles. Figure 1 shows the pair-wise LD for all 25 SNPs in and near NFKBIA for each

sample. LD is displayed as pair-wise r2 values, where white indicates r2 = 0, varying shades

of gray indicate 0 < r2 < 1, and black indicates r2 = 1. Numeric values are pair-wise D′
values × 100. Patterns of LD were similar in both samples. As SNPs rs696 and rs8904 were

in near-perfect LD (r2 = 0.96 in SA, r2 = 1.0 in SLV), we tested for association with rs696

only.

Results of the tests for association with each of the SNPs and SI in the SA sample, adjusted

for admixture, age and gender, are shown in Table 2. Among the first 11 SNPs typed,

rs1951276 was highly associated with SI (P = 3.52 × 10−5). In addition, rs7152826 was

nominally associated with SI (P = 0.024). The results were largely similar after adjustment

for BMI (Supplementary Table S2 online); the association between rs1951276 and SI

remained significant (P = 2.32 × 10−3). Even with a very conservative Bonferroni

adjustment for the 20 tests performed (10 SNPs, two covariate adjustments), the association

between rs1951276 and SI remains significant (P = 7.04 × 10−4) with admixture, age, and

gender as covariates.
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Results of the tests for association with each of the SNPs and SI in the SLV sample are

shown in Table 3. In contrast to the SA sample results, when adjusting for admixture, age,

and gender, or admixture, age, gender, and BMI, none of the SNPs in the SLV sample were

significantly associated with SI. Complete results for the adjustment of age, gender, and

BMI in the SLV sample are in Supplementary Table S2 online.

As the test for association between rs1951276 was significant in SA, we tested for

association under dominant and recessive models. Under a dominant model, the evidence for

association was slightly increased (P = 1.69 × 10−5), and inspection of the genotypic means

indicated a dominant pattern. Although still not significant in the SLV sample under a

dominant model (P = 0.348), the genotypic means at rs1951276 show the same pattern, and

the test for association in the combined sample was significant (P = 5.37 × 10−4, adjusted for

admixture, age, gender, and site). This relationship was slightly attenuated after adjustment

for BMI (P = 2.42 × 10−3).

Because the association between rs1951276 was attenuated after adjustment for BMI in SA

and the combined sample, we examined whether more specific measures of adiposity

resulted in a similar reduction in the evidence for association with SI. In three different

models, we adjusted for admixture, age, gender and either VAT, SAT, or VSR (Table 4).

Similar to adjustment for BMI, adjustment for SAT in SA attenuated the evidence for

association (SAT P = 1.25 × 10−3). However, adjustment for VAT and VSR resulted in

slightly increased evidence (VAT P= 4.41 × 10−6; VSR = 9.10 × 10−6).

Figure 2 shows the association between rs1951276 and SI in the SA, SLV and combined

samples. For SNP rs1951276 in the SA sample, presence of at least one copy of the minor

allele A was associated with a ~29% reduction in mean SI. In the SLV sample, presence of

at least one copy of the minor allele was associated with a ~10% reduction (not significant)

in mean SI. Presence of at least one copy of the A allele was associated with ~20% reduction

in mean SI in the combined sample. The percent increase was similar when adjusting for

admixture, age, and gender only, or admixture, age, gender, and any of the adiposity

covariates.

We genotyped additional SNPs throughout the NFKBIA region so that each SNP with minor

allele frequency >0.05 in the HapMap had an r2 of at least 0.90 with at least one genotyped

SNP. As the most significant results for rs1951276 were obtained with either no adiposity

adjustment or with adjustment for VAT, we tested for association with each of the new

SNPs and either admixture, age and gender only or admixture, age, gender, and VAT. In the

SA sample, after adjustment for admixture, age and gender, SNP rs4982270 (P = 0.043),

rs2007960 (P = 0.021), rs8018193 (P = 0.022), and rs2415290 (dominant P = 0.024) were

all nominally associated with SI (Table 2). After further adjustment for VAT, rs4982270 (P

= 2.87 × 10−3), rs2007960 (P = 5.30 × 10−3), rs1012919 (P = 0.049), rs8018193 (P = 0.012),

and rs2415290 (dominant P = 0.042) were all nominally associated with SI (Supplementary

Table S3 online). None of the SNPs were associated with SI in the SLV sample.

Based on the strong association of rs1951276 with SI, we also tested whether this SNP was

associated with other phenotypes under a dominant model, adjusting for admixture, age, and
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gender. In the SA sample, rs1951276 was strongly associated with BMI (P = 6.47 × 10−3),

fasting insulin (P = 1.09 × 10−3), and 180 min insulin (5.37 × 10−5) and nominally

associated with AIR (P = 0.048), DI (P = 0.030), and SAT (P = 0.018). Rs1951276 was not

associated with fasting glucose, 180 min glucose, glucose effectiveness, VAT, or VSR in the

SA sample. None of the phenotypes were associated with rs1951276 in the SLV sample. In

the combined sample, additionally adjusted for clinic site, rs1951276 was associated with

fasting insulin (P = 4.78 × 10−3), 180 min insulin (P = 3.46 × 10−3), and DI (P = 7.84 ×

10−3).

DISCUSSION

We found a strong association between rs1951276 in the 3′ flanking of NFKBIA and SI in a

sample of Hispanic-American families from SA, Texas. Although not significant in another

sample of Hispanic-American families from the SLV, Colorado, the genotypic means

showed the same pattern as those in the SA sample, and the association was significant in

the combined samples. Having at least one copy of the A allele at rs1951276 was associated

with ~29% lower SI in the SA sample alone, and 20% lower SI in the combined SA and SLV

samples.

There are several possible explanations for the differential evidence for association in the

two samples even though the pattern of genotypic means is very similar between the two

groups. First, principle components analysis of a limited number of ancestry informative

markers indicates a significant difference in the level of European admixture between the

two samples, which is consistent with other studies of admixture in similar populations.

Another admixture analysis in the SLV suggests a large proportion of “Spanish” (~60%) and

less Native American (~30%) admixture (28). In contrast, much higher estimates of Native

American admixture for Southwestern Hispanics have been reported (29). The results of the

association tests were largely unchanged after adjustment for admixture, however. Second,

the SLV is a high-altitude (~7,500 feet above sea level) rural setting whereas SA is an urban

setting. Third, the two samples also differ in their adiposity and glucose homeostasis

profiles. Individuals from the SLV sample tend to be leaner, (lower BMI, SAT, and VAT),

and have better glucose homeostasis profiles (higher SI, AIR, DI) than those in the SA

sample (see Table 1). Fourth, even though the SA and SLV samples have approximately the

same number of individuals, the SLV sample has half the number of families as the SA

sample. Thus, the much larger families in the SLV sample result in a lower effective sample

size than the SA effective sample size. Finally, we cannot rule out the possibility of a false-

positive result in the SA sample.

Although the NF-κB/IKKβ pathway appears to be particularly relevant for obesity-related

insulin resistance (30), it is not known whether different adipose tissue depots exhibit

different characteristics related to NF-κB/IKKβ activity. In our study, the evidence for

association between rs1951276 and SI in the SA sample differed depending on which

measure of adiposity we used as an adjustment. Specifically, when adjusted for BMI or SAT

area, the association between rs1951276 was attenuated. However, the evidence for

association was essentially unchanged after adjustment for VAT area or the ratio of visceral

to SAT area, suggesting that the role of NFKBIA may differ depending on adipose tissue

Miller et al. Page 7

Obesity (Silver Spring). Author manuscript; available in PMC 2014 April 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



depot. Unfortunately, sample sizes were not sufficient to allow meaningful interpretation of

analyses stratified by median BMI, SAT, or VAT that might more clearly address this

question.

Rs1951276 is in the 3′ flanking region of NFKBIA, the gene for IκBα, and the potential

functional role for this SNP or a functional variant in LD with rs1951276 is unknown. There

are no known variants within 20 kilobases in either direction of rs1951276 with an r2 ≥ 0.31.

It is possible that an unknown functional 3′ UTR or flanking variant affects post-

translational modification of IκBα mRNA, affecting its quality or quantity (31). A reduction

of IκBα is associated with fatty acid-induced insulin resistance (16), and there are at least

two mechanisms by which altered or reduced IκBα might result in insulin resistance. As

described above, inhibition of IKKβ has been shown to reduce SI. As IKKβ phosphorylates

IκBα (32) and may similarly phosphorylate insulin receptor substrate-1/2 (33,34), IκBα
may regulate IKKβ by acting as a competing substrate. Alternatively, a reduction in IκBα
could result in increased translocation of NF-κB into the nucleus, which would increase

transcription of several inflammatory cytokines associated with insulin resistance, such as

tumor necrosis factor-α.

No other studies have examined the role of polymorphisms in NFKBIA and SI. However,

polymorphisms in the 3′ UTR and promoter regions have been associated with Crohn’s

disease (35), multiple sclerosis (36), and severe carotid artery disease (37), which like

insulin resistance, have been associated with chronic inflammation (38,39). Although we

saw nominal association between SI and some of the SNPs identified in these other studies,

none of the signals were as strong as with rs1951276. None of these other studies typed

rs1951276, so we do not know whether similar association would have been seen with this

particular SNP. Because the LD in this region is fairly weak, future studies will further

examine the region using sequencing to identify potential functional polymorphisms.

In conclusion, we have identified a variant in the 3′ intravenous region of NFKBIA that is

associated with a 20–29% reduction in SI as measured by a frequently sampled glucose

tolerance test in Hispanic Americans. These results corroborate other evidence that the NF-

κB/IKKβ pathway may mediate obesity-induced insulin resistance in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pair-wise LD for all 25 SNPs in and around the NFKBIA gene in (a) San Antonio, (b) San Luis Valley, and (c) the Combined

Hispanic sample. LD is displayed as pair-wise r2 values, where white indicates r2 = 0, varying shades of gray indicate 0 < r2 <

1, and black indicates that r2 = 1. Numeric values are pair-wise D′ values × 100.
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Figure 2.
Association with SI and NFKBIA rs1951276 in the IRAS Family Study. Values shown are the genotype specific means for

NFKBIA rs1951276, adjusted for admixture, age, and gender, where rs1951276 is assumed to follow a dominant model.
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Table 1

Study characteristics by site

San Antonio (n = 499) San Luis Valley (n = 482) P value

Male/female 195/304 208/274 0.2169

Age (years) 40.33 (14.13) 41.47 (13.28) 0.3146

Insulin sensitivity (×10−3 min−1 pmol/l) 3.25 (3.05) 3.92 (3.18) 0.0041

BMI (kg/m2) 29.61 (6.17) 27.08 (5.23) 5.48 × 10−5

Visceral adipose area (VAT) (cm2) 112.45 (59.09) 102.65 (54.38) 0.0040

Subcutaneous adipose area (SAT) (cm2) 346.13 (158.04) 316.53 (145.12) 0.0629

Acute insulin response (AIR) pmol/l × 10 min 722.57 (651.39) 812.71 (667.38) 0.0357

Glucose effectiveness (SG) min−1 0.018 (0.008) 0.023 (0.009) 5.19 × 10−15

Disposition index (SI × AIR) 1,770.66 (1,552.64) 2,639.74 (2,408.21) 9.79 × 10−7

Principal componenta 0.59 (0.15) 0.50 (0.09) 1.03 × 10−13

Values are mean (s.d.), except male/female.

a
Principal component score based on 80 Hispanic ancestry informative genetic markers.
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Table 4

P Value for test of association between rs1951276 and SI under dominant model

Adiposity measure

Clinic

SA SLV Combineda

None 1.69 × 10−5 0.348 5.37 × 10−4

BMI 9.82 × 10−4 0.202 2.42 × 10−3

VAT 4.41 × 10−6 0.716 1.17 × 10−3

SAT 1.25 × 10−3 0.268 5.21 × 10−3

VSR 9.10 × 10−6 0.279 2.58 × 10−4

P values are adjusted for admixture, age, and gender only, or one of four measures of adiposity.

SA, San Antonio; SAT, subcutaneous adipose tissue; SLV, San Luis Valley; VAT, visceral adipose tissue; VSR, VAT to SAT ratio.

a
Also adjusted for site.
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