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Significance of this study

What is already known about this subject?
 ► The fasting hyperglycemia risk allele of the 
rs8004664 variation in the FOXN3 gene increases 
expression of FOXN3 in the liver and is associated 
with blunted suppression of glucagon during an oral 
glucose tolerance test.

 ► Over-expression of FOXN3 in liver increases, where-
as knockout of the FOXN3 ortholog decreases fast-
ing blood glucose in zebrafish.

What are the new Findings?
 ► The role of FOXN3 in modulating insulin sensitivity 
was not known.

 ► We genotyped a cohort of subjects who underwent 
high-dose euglycemic-hyperinsulinemic clamp for 
the rs8004664.

 ► The fasting hyperglycemia variant of rs8004664 
was associated with increased glucose disposal in 
female subjects, but not in men or the combined 
cohort.

How might these results change the focus of 
research or clinical practice?

 ► FOXN3 may modulate insulin sensitivity in a sexually 
dimorphic manner.

AbStrAct
Objective The rs8004664 variation within the FOXN3 
gene is significantly and independently associated with 
fasting blood glucose in humans. We have previously 
shown that the hyperglycemia risk allele (A) increases 
FOXN3 expression in primary human hepatocytes; over-
expression of human FOXN3 in zebrafish liver increases 
fasting blood glucose; and heterozygous deletion of the 
zebrafish ortholog foxn3 decreases fasting blood glucose. 
Paralleling these model organism findings, we found 
that rs8004664 A|A homozygotes had blunted glucagon 
suppression during an oral glucose tolerance test. Here, 
we test associations between insulin sensitivity and the 
rs8004664 variation.
Research design and methods 92 participants 
(49±13 years, body mass index: 32±6 kg/m2, 28 with 
and 64 without type 2 diabetes mellitus) were genotyped 
at rs8004664. Insulin sensitivity was measured by the 
euglycemic-hyperinsulinemic clamp technique.
Results The “A” allele frequency was 59%; the protective 
(G) allele frequency was 41% (A|A: n=29; G|G: n=12; A|G: 
n=50). Clamp-measured glucose disposal rate (GDR) was 
not different by genotype (F=0.046, p=0.96) or by “A” 
allele carrier (p=0.36). Female G|G homozygotes had better 
insulin sensitivity compared to female “A” allele carriers 
(GDR; G|G: 9.9±3.0 vs A|A+A|G: 7.1±3.0 mg/kg fat-free 
mass+17.7/min; p=0.04). Insulin sensitivity was not 
different by genotype or by “A” allele carriers.
Conclusion The rs8004664 variation within the FOXN3 
gene may modulate insulin sensitivity in women.

InTROduCTIOn
In a large cohort of non-diabetic subjects, 
the single nucleotide variation rs8004664 
within the first intron of the FOXN3 gene in 
humans was found to be significantly and 
independently associated with fasting blood 
glucose.1 The molecular mechanism for how 
this variation increases the fasting blood 
glucose set-point remains elusive; neverthe-
less, we previously showed that the fasting 
hyperglycemia allele at rs804464 increases 
FOXN3 expression in primary human 
hepatocytes.2 We modeled this increased liver 
FOXN3 expression by over-expressing the 
human FOXN3 cDNA in zebrafish livers and 
observed an increase in fasting blood glucose 
without any additional dietary challenge. 
Since FOXN3 is a transcriptional repressor,3 
we performed whole transcriptome analyses 

in livers over-expressing FOXN3: the MYC 
ortholog mycb transcript, which encodes 
a driver of liver glucose utilization during 
fasting,4 was strongly down-regulated. We 
showed that FOXN3 directly represses MYC 
expression.2 This indicates that liver FOXN3 
increases fasting blood glucose by repressing 
a driver of liver glucose utilization, providing 
more glucose for export from the liver.2

In follow-up investigations, we found that 
glucagon injection into mice rapidly decreases 
liver FOXN3 protein, indicating hormonal 
regulation of FOXN3. When we prepared a 
viable loss-of-function mutation in the orthol-
ogous foxn3 gene, we observed decreased 
fasting blood glucose, blood glucagon, and 
alpha cell mass.5 Concordantly, over-expres-
sion of human FOXN3 in zebrafish liver 
increased alpha cell mass in the zebrafish 
endocrine pancreas. In this second study, 
we also explored the effect of the rs8004664 
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Table 1 Participant characteristics and glucose disposal 
rate by rs8004664 genotype

Characteristic

Genotype 
A|A+A|G
(n=79)

Genotype
G|G
(n=13) P value

Age (y) 50±13 46±15 0.32

Sex (M/F) 36/43 7/6 NA

BMI (kg/m2) 33±6 32±7 0.91

Body weight (kg) 93±19 93±22 0.99

FFM (kg) 58.9±11.7 59.6±14.0 0.85

Fasting glucose (mg/dL) 102±17 102±12 0.97

Fasting insulin (μU/mL) 15±7 17±21 0.56

HOMA-IR 3.9±2.1 4.6±6.2 0.40

DXA (% Fat) 36±9 35±8 0.83

Cholesterol (mg/dL) 203±42 200±44 0.79

HDL (mg/dL) 50±12 53±17 0.49

LDL (mg/dL) 120±36 117±43 0.80

Triglycerides (mg/dL) 165±115 148±118 0.61

Diabetes status (Y/N) 25/54 3/10 NA

Glucose disposal (mg/kg 
FFM +17.7/min)

6.7±2.9 7.5±3.1 0.36

BMI, body mass index; FFM, fat-free mass; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein.

Metabolism

variation on oral glucose tolerance in a large cohort of 
human subjects: rs8004644 hyperglycemia risk allele 
carriers show diminished suppression of glucagon over 
the oral glucose tolerance test (as reflected by decreased 
area below baseline), but show no differences in fasting 
glucagon.5

Our working model for how FOXN3 regulates fasting 
glucose does not exclude a potential role for insulin sensi-
tivity, and therefore glucose disposal rate (GDR) during 
a glucose clamp. Here, we tested in a cohort of adults 
with and without type 2 diabetes whether the rs8004664 
variation modulates insulin-mediated glucose uptake by 
examining associations between rs8004664 variants and 
insulin sensitivity measured by the gold-standard euglyce-
mic-hyperinsulinemic clamp technique.6

MeTHOds
study population
In this single group cross-sectional design, 92 partici-
pants who previously underwent a euglycemic-hyperinsu-
linemic clamp6 were genotyped at the rs8004664 variant. 
Participants were initially part of a larger prospective 
study called “The Pennington Center Longitudinal 
Study” designed to assess the effects of obesity and 
lifestyle factors on the chronic disease development, 
including type 2 diabetes mellitus. The current study 
utilized a subset of participants (with available DNA) 
from the original cohort, consisting of 92 white adults. 
Participants were categorized as having type 2 diabetes 
by self-report (“yes” response to having diabetes) or by 
fasting plasma glucose  ≥ 126 mg/dL, on study visit.

Anthropometrics/body composition
As previously described,6 metabolic body weight and 
height were measured, and body mass index was calcu-
lated from these respective values. Per cent body fat 
was determined from dual-energy X-ray absorptiometry 
(DXA, Hologics QDR 4500A; Hologics, Bedford, MA, 
USA). Fat mass and fat-free mass (FFM) were calculated 
from DXA-measured whole body per cent fat and meta-
bolic body weight.

Insulin sensitivity
Peripheral insulin sensitivity was measured using the 
gold-standard euglycemic-hyperinsulinemic clamp 
technique, as previously described.6 Briefly, plasma 
glucose was clamped between 90 and 100 mg/dL during 
continuous insulin infusion (120 mU/m2/min). GDRs 
presented herein are normalized for metabolic size of 
the participant (FFM +17.7) as well as average insulin 
concentrations during steady state of the clamp proce-
dure.7 Average insulin concentrations measured during 
steady state of the clamp for the entire study cohort was 
227.1±68 µU/mL. Fasting glucose, insulin, lipids and 
triglycerides were measured from a fasting blood draw 
before the clamp procedure.

Genotyping
DNA was extracted from buffy coat of blood samples 
(Qiagen Puregene Blood Core Kit #158389). Geno-
typing of the rs8004664 variant was completed using 
a TaqMan SNP Genotyping Assay (ThermoFisher ID 
C__29386020_10) as previously described.5

statistical analysis
Data are presented as mean±SD, unless otherwise noted. 
SPSS (IBM V. 25) was used for statistical analysis. Partic-
ipants were grouped by genotype (G|G, A|G, and A|A), 
and differences in metabolic outcomes were tested using 
one-way analysis of variance. Secondarily, participants 
were grouped by hyperglycemic risk-carrying allele versus 
protective allele homozygotes (A|G+A|G combined 
vs G|G), and differences were tested using unpaired 
Student’s t-test. Significance was accepted at p=0.05. To 
explore the role of type 2 diabetes status on the relation-
ship between genetic variants and metabolic outcomes, 
participants were categorized by diabetes status and a 
similar analysis was performed among these two groups 
(those with and without type 2 diabetes). Furthermore, 
the relationship between genetic variants and metabolic 
outcomes was also performed separately among women 
and men.

ResulTs
Participant characteristics are shown in table 1. No base-
line differences were observed. Of the 92 participants, 
29 were homozygous for the fasting hyperglycemia risk 
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allele (A|A), 13 were homozygous for the protective allele 
(G|G), and 50 participants were heterozygous (A|G). The 
high-risk allele (A) frequency was 59% and the protec-
tive allele frequency (G) was 41%. No differences were 
observed in GDR when grouped by genotype (F=0.046, 
p=0.96) or when grouped by carrier of hyperglycemic 
risk allele versus homozygotes for the protective allele 
“G” (p=0.36; table 1).

Among those with type 2 diabetes (n=28), no signifi-
cant differences were observed in GDR by genotype 
group (F=0.852, p=0.44) or by carrier of hyperglycemic 
risk allele (p=0.54). Similarly, among those without type 2 
diabetes (n=64), no significant differences were observed 
in GDR grouped by genotype (F=0.149, p=0.86) or by 
carrier of hyperglycemic risk allele (p=0.61). Insulin 
concentrations were not different by genotype group 
(INS, G|G: 261±149.7 vs A|A+A|G: 221.5±41.6 µU/mL; 
p=0.05) although trending. This is driven by a single 
outlier within the GG group. Re-analysis after outlier 
removal shows similar means between groups (INS, G|G: 
223.8±69.9 vs A|A+A|G: 221.5±41.6 µU/mL; p=0.87). 
Insulin concentrations were not different between males 
and females (INS, males: 235.6±83.5 vs female: 220.3±42.8 
µU/mL; p=0.26).

Female homozygotes for the protective allele “G” had 
significantly higher GDR (indicative of increased insulin 
sensitivity) compared to female carriers of the hyperglyce-
mic-risk allele “A” (G|G: 9.9±3.0 vs A|A+AG: 7.1±3.0 mg/
kgFFM+17.7/min; p=0.04). Homeostatic model assess-
ment of insulin resistance (HOMA-IR) was however not 
different between groups (p=0.33). However, re-analysis 
of data after removal of an outlier with excessive hyperin-
sulinemia revealed a significant difference (G|G: 1.6±0.8 vs 
A|A+AG: 3.8±1.9; p=0.02). When grouped by genotype, 
no differences were observed in GDR (F=2.310, p=0.11) 
or HOMA-IR (F=0.507, p=0.61). Among men, no signifi-
cant differences were observed in GDR grouped by geno-
type (F=0.592, p=0.56) or by high-risk carrier (p=0.43).

dIsCussIOn
This is the first study to examine the links between 
FOXN3 genetic variants and insulin sensitivity measured 
by the euglycemic-hyperinsulinemic clamp technique 
in humans. GDR (insulin sensitivity) was not statistically 
different by genotype (G|G, A|G, and A|A), or when 
grouped by hyperglycemic risk-carrying allele (G|G vs 
A|G+A|A). Among women, protective allele homozygotes 
(G|G) had significantly higher GDR (indicative of better 
insulin sensitivity) compared to carriers of the hyper-
glycemic high-risk allele, suggesting a potential role for 
sex in modulating the relationship between genotype 
and glucose metabolism. Indeed, we observed a greater 
increase in fasting blood glucose when FOXN3 was 
over-expressed in female zebrafish liver.2 The findings 
herein are supportive but should be interpreted cautiously 
due the limited sample size (G|G: n=6; A|G+A|A: n=43).

While the rs8004664 fasting hyperglycemia varia-
tion within the FOXN3 gene does not appear to impact 
glucose disposal, the encoded protein’s role in the devel-
opment of type 2 diabetes merits further investigation. 
In particular, FOXN3’s role in responding to and modu-
lating glucagon function will be the subject of future 
studies.5 It is clear from a large body of preclinical and 
early clinical work that total genetic or pharmacological 
blockade of hepatic glucagon action is not a viable thera-
peutic approach. While blood glucose is lowered, hepatic 
transaminases, circulating triglycerides, and low-den-
sity lipoprotein cholesterol are elevated; and alpha cell 
hyperplasia occurs when glucagon receptor-blocking 
antibodies are administered.8 Thus, a more thorough 
understanding of the effects and effectors of glucagon 
action could lead to the development of more selec-
tive, glucagon-leveraging therapies for type 2 diabetes 
mellitus.9 10

In summary, we provide novel data on the relation-
ship between the FOXN3 rs8004664 variant and insulin 
sensitivity measured by the euglycemic-hyperinsulinemic 
clamp technique in humans. We did not find differences 
among genotype, suggesting that other physiological 
factors may be responsible for modulating fasting blood 
glucose. To further define the liver FOXN3-glucagon 
axis, future studies should explore links between this 
variant and other physiological modulators of glycemia 
including hepatic insulin sensitivity, glucagon secretion, 
and insulin secretion. Critically, FOXN3 is expressed 
in several tissues, often by more than one cell type in a 
tissue.11 Thus, a combination of human physiological 
characterization of the effect of the rs8004664 variation 
and a systematic effort to modulate FOXN3 expression 
in different cell types in model organisms is warranted.
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