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Abstract

Objective—TCF7L2 variant rs7903146 is associated with increased risk for Type 2 diabetes. We 

investigated the effect of TCF7L2 variant rs7903146 and glucose tolerance on free fatty acid 

(FFA) metabolism.

Research design and methods—We recruited 120 individuals, half homozygous for the 

major CC allele and half homozygous for the minor TT allele at rs7903146; each underwent a 2-

hour, 75g oral glucose tolerance test (OGTT). Plasma glucose, insulin and free fatty acid 

concentrations were measured on blood collected before and during the OGTT.

Results—Total FFA concentrations and percent FA species during OGTT were not different in 

CC and TT carriers when males and females were considered together. However, monounsaturated 

fatty acid (MUFA) concentrations and percentages were greater in TT than CC females during the 

OGTT. TT carriers with high HOMA-IR had significantly greater fasting FFA concentrations, 

lower disposition index (DI) and greater AUC of glucose than high HOMAIR CC carriers, 

whereas no such differences were observed in the low HOMA-IR group. We found that fasting 

(826 ± 25 vs. 634 ± 22 µmol/L, P < 0.0001) and OGTT plasma FFA concentrations were greater in 

IGT than NGT subjects, and the difference remained after adjusting for sex, age, BMI, and 

genotype. Finally, IGT subjects had greater MUFA concentrations and percentages than NGT 

subjects during OGTT.
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Conclusions—Despite similar fasting insulin and glucose, fasting plasma FFA are greater in 

IGT than NGT adults. Insulin resistance and sex influence plasma FFA responses amongst carriers 

of the minor T allele of TCF7L2 rs7903146.

Keywords

prediabetes; insulin secretion; insulin action; fatty acids; free fatty acids

INTRODUCTION

Genome-wide association studies have established the TCF7L2 variant rs7903146, which is 

located in a noncoding region, as the strongest association with type 2 diabetes of all known 

single nucleotide polymorphisms (SNP) [1]. At the individual level, carrying the TCF7L2 
risk allele increases the likelihood of type 2 diabetes by 50% and the population attributable 

risk is between 10–25% [2]. The mechanism by which this non-coding variant increases the 

risk of type 2 diabetes is still under investigation. Some studies indicate that the risk T allele 

is associated with impaired β-cell function. Indeed, cell culture studies, animal models and 

investigation of humans support a role of TCF7L2 in β-cell function and islet morphology 

[3–5].

In addition to pancreatic islets, TCF7L2 is highly expressed in a variety of glucose sensing 

and metabolizing tissues in human, including liver, brain, omental and subcutaneous adipose 

tissue [6–8]. It is a prominent transcription factor involved in Wnt signaling pathway. The 

Wnt pathway plays a crucial role in cell proliferation, differentiation, apoptosis, as well as in 

the maintenance of tissue homeostasis and metabolic processes [9]. In adipose tissue, 

TCF7L2 is known to have an effect on preadipocyte differentiation and inflammatory status 

[10]. The link between TCF7L2 and adipocyte metabolism was highlighted by a report that 

TCF7L2 expression decreases in subcutaneous adipose tissue from NGT obese T/T carriers 

under calorie restriction and that its effect on type 2 diabetes risk is modulated by obesity 

[11]. However few studies have evaluated the influence of TCF7L2 variant rs7903146 on 

lipid metabolism.

Greater plasma free fatty acid (FFA) concentrations are an important risk factor for the 

development of insulin resistance, beta-cell dysfunction, and type 2 diabetes. Increased FFA 

can inhibit glucose uptake and oxidation in muscle in healthy humans [12] and impair the 

suppression of hepatic glucose production by insulin [13]. Also, FFA are lipotoxic to beta 

cells and when exposed to prolonged elevation of FFA exhibit impaired insulin secretion 

[14]. Because saturated, mono- and polyunsaturated FFA may have different effects on 

insulin sensitivity [15], insulin secretion [16] and other metabolic pathways, and because 

interactions between the TCF7L2 genotype and plasma concentrations of saturated fatty 

acids with regards to impaired insulin secretion and action have been reported [17], we 

tested whether the fatty acid species differ between TCF7L2 genotypes. In this study we 

examined the relationship between the TCF7L2 variant rs7903146 in humans and FFA 

concentrations in response to an oral glucose tolerance test.
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RESEARCH DESIGN AND METHODS

Subjects

The design of this study has been previously reported [18]. In brief, this Mayo Clinic IRB 

approved protocol utilized the Mayo Clinic Biobank repository to genotype 4000 randomly 

selected individuals at rs7903146. Samples were selected from adults 20–70 years old with 

no history of diabetes and who resided within a 100 mile radius of Mayo Clinic, Rochester, 

MN. Individuals homozygous for the major TT allele and homozygous for the minor CC 

allele who were matched for age, sex, fasting glucose and bodyweight were invited in 

writing to participate in the study. Persons taking medications that could affect glucose 

metabolism, who had a history of chronic illness or who had undergone upper 

gastrointestinal surgery were excluded. After obtaining written, informed consent we 

performed a 2–hour 75g oral glucose tolerance test (OGTT) after an overnight fast to define 

their glucose tolerance status. Fat free mass (FFM) and fat mass were measured using dual-

energy X-ray absorptiometry (iDXA, GE, Wauwatosa, WI).

Analytical techniques

Genotyping of the rs7903146 SNP was done using Taqman (Applied Biosystems Inc., Foster 

City, CA). Blood samples from the OGTT were placed on ice, centrifuged at 4°C to separate 

plasma and stored at −20°C until assayed. Glucose and insulin concentrations were 

measured using a glucose oxidase method (Yellow Springs Instruments, Yellow Springs, 

OH) and a chemiluminescence assay (Access Assay; Beckman, Chaska, MN), respectively. 

Plasma free fatty acid (FFA) concentrations were measured as previously described [19]. We 

measured the concentrations of the C14:0, C16:0, C18:0 saturated fatty acids (SFA), the 

C16:1n-7, C18:1n-9 cis-monounsaturated fatty acids (MUFA), the C18:2n-6, C18:3n-3, 

C20:5n-3, C20:4n-6, C22:6n-3 polyunsaturated fatty acids (PUFA) and C16:1 trans-9 and 

C18:1 trans-9 trans-fatty acids. The percentages of fatty acids subgroups (%SFA, %MUFA, 

%PUFA) were also calculated.

Calculations

Area under curve above basal (AAB) was calculated using the trapezoidal rule. Homeostasis 

model assessment of insulin resistance (HOMA-IR) was derived from fasting glucose and 

insulin levels [(fasting plasma glucose × fasting serum insulin)/22.5]. Net insulin action (SI) 

was measured using the oral minimal model [20]. To estimate the stearoyl-CoA desaturation 

-1 (SCD1) activity we used product: precursor ratio (18:1 n-9/18:0 or 16:1 n-7/16:0) as 

previously described [21].

Statistical analyses

Biochemical variables were assessed for normality of distribution to determine whether 

parametric or non-parametric analyses were appropriate. Anthropometric data and clinical 

chemical parameters of two groups were compared using a non-paired t-test if normally 

distributed and a Wilcoxon test if not normally distributed. Age, sex, BMI and genotype 

were used as covariates in ANOVA models as indicated. Glucose, insulin and FFA 

concentrations were compared using repeated-measures ANOVA for the overall differences 
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during the OGTT. A p-value of less than 0.05 was considered significant. Statistical tests 

were performed with SPSS version 19.0 for Windows (SPSS Inc., Chicago, IL). Data are 

presented as Means ± SD unless otherwise stated.

RESULTS

Subject characteristics

The subjects’ characteristics are provided in Table 1. The subjects in each genotype group 

were well-matched for sex, age, BMI and FFM. There were no significant differences in 

fasting plasma glucose or insulin concentrations between CC and TT carriers.

Influence of CC and TT genotype on plasma glucose, insulin and FFA concentrations

As previously reported (18), in response to the OGTT, the 60 min plasma glucose 

concentrations and plasma glucose AAB (both P < 0.01 adjusted by age, sex, BMI) were 

greater in TT than CC carriers. The OGTT-stimulated insulin concentrations at 30, 60 and 

120 min and the AAB (Table1) of insulin did not differ between CC and TT carriers. The 60 

min plasma glucose and plasma glucose AAB concentrations were greater in both female 

and male TT than CC carriers (Table 1), although the difference was statistically significant 

only for females (Table 1). Twenty-five of the 60 CC genotype participants and 30 of the 60 

TT genotype participants had impaired glucose tolerance (IGT).

The baseline total FFA concentrations and the %SFA, %MUFA, %PUFA were not different 

between CC and TT carriers. Furthermore, there were no statistically significant differences 

in the patterns of total FFA concentrations between the two groups during the OGTT (Figure 

1, panel A).

For all subjects combined, the % SFA increased from 35 ± 3% (0 min) to 41 ± 5 (120 min) 

after glucose ingestion, the % MUFA decreased from 34 ± 3% (0 min) to 22 ± 4% (120 

min), and the % PUFA increased from 30 ± 3% (0 min) to 37 ± 4% (120 min), (all P<0.001). 

There were no significant differences in these % changes in FA species during OGTT 

between CC and TT carriers when males and females were considered together (Figure 1).

However, there were significant differences in % MUFA (P=0.001, Figure 2, panel A) and 

MUFA concentrations (P=0.02) between CC and TT females during OGTT. Repeated-

measures ANOVA indicated that TT women had greater % MUFA and greater MUFA 

concentrations than CC women during OGTT. The % MUFA was subtly, but significantly 

greater in TT than CC females at 30 min (33 ± 3% vs. 31 ± 5%, P=0.05), 60 min (27 ± 4% 

vs. 24 ± 4%, P<0.001) and at 120 min (21 ± 5% vs. 19 ± 3%, P=0.004) by non-paired t-test. 

The MUFA concentrations at min 30 and 60 were significantly greater in TT than CC 

females. By repeated-measures ANOVA the difference in % MUFA between TT and CC 

males during OGTT was not statistically significant (Figure 2, panel B). The differences in 

% SFA between TT and CC genotype in females or males did not reach statistical 

significance by repeated-measures ANOVA (Figure 2, Panel C and D). Differences in % 

plasma MUFA between CC and TT women were due to the differences in oleic acid; plasma 

palmitoleic acid was not different between CC and TT females. The C18:1/C18:0 ratio in TT 
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women was greater than that of CC women at 60,120 min of OGTT, but no differences in 

C16:1/C16:0 ratio.

There were no significant differences in % PUFA between CC and TT women (P=0.411, 

Figure 2, panel E), or between CC and TT women (P=0.108, Figure 2, panel F) during the 

OGTT by repeated-measures ANOVA.

Modulation of genotype effects on FFA and DI by insulin sensitivity

Because of previous reports that insulin sensitivity modulates the metabolic effect of the 

TCF7L2 genotype [17], we assessed whether HOMA-IR influenced the effects of TCF7L2 
genotype on FFA concentrations. We stratified the participants into tertiles of HOMA-IR and 

compared those in the high (HOMA-IR≥1.23) and low HOMA-IR (HOMA-IR <0.76) 

groups. Subjects with the TT genotype in the high HOMA-IR group had significantly higher 

fasting total FFA concentrations (770±166 vs. 649±194µM, P=0.04), as well as lower DI 

(781±348 vs. 1268±712 10−14dl/kg/min2 per pmol/l, P=0.008) and greater AAB of glucose 

(437±101 vs. 334±116 mmol/l·120min, P=0.005) than CC carriers in this group. However, 

there were no such differences in low HOMA-IR group (Figure 3). The differences of DI 

and AAB of glucose between CC and TT carriers in high HOMA-IR group were still 

significant after adjusting for BMI (P=0.019 for DI and P=0.008 for AAB of glucose). 

However the difference in fasting total FFA between CC and TT carriers in high HOMA-IR 

group did not reach statistical significance when BMI was adjusted for (P=0.066).

Plasma glucose, insulin and FFA concentrations in NGT and IGT participants

The characteristic of subjects grouped by IGT are provided in Table 2. Compared with NGT 

participants, there were more females in the IGT group; IGT participants were also 10 years 

older and 2 BMI units heavier. However, fasting plasma glucose and insulin concentrations 

were virtually identical in the two groups. Subjects with IGT had significantly greater total 

plasma FFA concentrations than NGT subjects, even after adjusting for sex, age, BMI, and 

genotype.

By definition, during the OGTT, IGT subjects had greater plasma glucose concentrations 

than NGT subjects, but there were no significant differences in plasma insulin 

concentrations at 30 and 60 min. By 120 min, plasma insulin concentrations were 

significantly less in NGT than IGT subjects. The AAB of insulin did not differ between 

NGT and IGT subjects.

Plasma FFA concentrations were significantly greater in IGT than NGT subjects during 

OGTT (Figure 4, panel A) at 0, 30 and 60 min of the OGTT; by 120 min the FFA 

concentrations were no longer different between IGT and NGT. The concentrations of SFA, 

MUFA, and PUFA followed the same pattern.

Plasma FFA composition differences between NGT and IGT

There were no significant differences in % SFA (P=0.234) and % PUFA (P=0.267), but % 

MUFA (P=0.028) were greater in IGT than NGT during the OGTT by repeated-measures 

ANOVA (Figure 4, panel B). By nonpaired t-tests, the % MUFA at 0 min (32.8 ± 3.4% vs. 
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34.1±2.6%, P=0.017), 30 min (30.9±4.3% vs. 32.9±3.2%, P=0.004) and 60 min (24.9±3.9% 

vs. 26.9±4.2%, P=0.010) were greater in IGT subjects than NGT subjects. At 0 min the 

C18:1/C18:0 and C16:1/C16:0 ratios were greater IGT than NGT subjects; this difference 

persisted for the C16:1/C16:0 ratios, but not C18:1/C18:0 ratios at 30 and 60 min of OGTT.

FFA concentrations in CC and TT carriers by IGT and NGT stratification

We found no significant differences in FFA concentrations or % SFA, MUFA or PUFA by 

genotype between NGT and IGT participants.

DISCUSSION

Given our previous report that the TCF7L2 variant rs7903146 has significant effects on 

glucose homeostasis, we elected to examine whether this might be mirrored by differences 

in plasma FFA concentrations. Contrary to our expectations, there were no differences in 

fasting plasma FFA concentrations between CC and TT carriers. Vcelak et al. [22] reported 

that women carrying the risk haplotype including TCF7L2 rs7903146 genotype had a 

greater percentage of fasting MUFA concentration and decreased percentage of fasting 

PUFA concentration in comparison with the low-risk carriers, in spite of the similar fasting 

FFA concentration. Our data is consistent with this publication [22] showing sex differences 

in plasma FFA composition between CC and TT carriers; we noted that the % MUFA were 

greater in female TT than CC carriers of TCF7L2 rs7903146 genotype during the OGTT, 

however the % MUFA were less in TT than CC males. This suggests that sex influence 

plasma FFA responses of TCF7L2 rs7903146 genotype.

In line with previous observations of the effects of insulin on the relative contribution of 

different FFA species to total FFA concentrations, there were significant changes in fatty 

acid composition of FFA during the OGTT. For all subjects, the percentage of SFA increased 

and the percentage of MUFA decreased. This most likely reflects differences in clearance 

between SFA, MUFA and PUFA when concentrations decrease. There may be differences in 

the preference of some enzymes in TG synthetic pathways for unsaturated fatty acid 

substrates [23, 24] that contribute to more rapid clearance of MUFAs from the circulating 

FFA pool.

It is also possible that the lipolytic pathway contributes to different FFA species; insulin 

inhibits hormone-sensitive lipase activity on TG and cholesterol esters, but not against 

diglycerides [25]. Triglycerides contain substantially more MUFA and less SFA than 

diglycerides [25], which could partially contribute to the selective decrease in plasma 

MUFAs during OGTT. Thus, possible explanations for higher % MUFA in female TT 

carriers during OGTT could be a reduced MUFA clearance compared with CC carriers or 

less of an antilipolytic effect of insulin on adipocyte TG containing MUFA.

Previous studies indicate that the impairment in insulin secretion associated with the TT 

genotype is magnified by impaired insulin action [17]. To understand whether this is true for 

fatty acid metabolism, we compared high and low HOMA-IR groups between genotypes. 

We found higher fasting FFA concentrations in TT than CC carriers in the high HOMA-IR 

subgroup. The TT carriers in the high HOMA-IR group also had a greater plasma glucose 
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AUC and lower DI than the CC carriers. Whether glucose metabolism differences are related 

to the greater FFA concentrations cannot be determined from this study, but increasing 

plasma FFA by a lipid emulsion infusion has been shown to reduce insulin-stimulated total 

body glucose uptake in healthy humans [26]. Furthermore, increased plasma FFA 

concentrations are associated with a reduced ability to lower plasma glucose concentrations 

after an oral glucose load [27]. This is consistent with the greater plasma glucose AUC and 

fasting FFA concentrations in TT carriers in the high HOMA-IR sub-group.

More impressive than the modest differences in FFA composition between CC and TT 

carriers of the TCF7L2 variant rs7903146 was the greater fasting plasma FFA concentrations 

in IGT subjects than NGT subjects, independent of genotype. This held true even after 

adjusting for BMI, age, sex and genotype, and even in the context of identical fasting insulin 

and glucose concentrations. This finding is consistent with the suggestion that adipose tissue 

lipolysis is insulin resistant in adults with IGT [28].

Meantime, we found significantly greater % MUFA in IGT than NGT subjects. Given that 

IGT is associated with greater insulin resistance and metabolic risk, and that the T allele is 

the diabetes-related TCF7L2allele, it is possible the similar trend of MUFA concentrations 

in female TT carriers as in IGT subjects indicates a similar metabolic response in IGT 

subjects and TT women. It has been reported that the estimated stearoyl-CoA desaturase 

(SCD) enzyme activities predict an increase in the glucose AUC in follow-up of a metabolic 

syndrome population [29]. SCD converts palmitic acid to palmitoleic acid (C16:1n-7) and 

stearic acid to oleic acid (C18:1n-9), which are the two most abundant MUFA. The C18:1/

C18:0 ratio in TT women was greater than that of CC women at 60,120 min of OGTT and a 

similar fasting FFA composition (both C18:1/C18:0 and C16:1/C16:0 ratios) was present in 

IGT subjects as in female TT carriers. It may indicate a similar metabolic response to 

convert more SFA to MUFA in IGT subjects and TT women. However, the MUFA changes 

were somewhat different in our female TT carriers and the IGT subjects in that MUFA 

differences in IGT subjects were seen in the fasting state and were due to both palmitoleic 

acid and oleic acid; the MUFA differences in TT women were restricted to oleic acid and 

seen only after glucose ingestion. The latter may indicate an effect on dietary trafficking of 

fatty acids rather than an SCD effect.

We also found a different effect of TCF7L2 rs7903146 genotype on fatty acid composition 

between men and women. The concentration and percentage MUFA in male TT carriers 

were lower than male CC carriers at 120 min of OGTT, which was the opposite in female 

subjects. This may be related to the low SCD1 expression in men; greater adipose SCD1 

mRNA expression in present in women [30].

There are some limitations in our study. The sample size is relatively small relative to 

population studies for genotype effect analysis and we may have missed more subtle 

differences in FFA concentrations or composition between the two genotype groups. 

Although it was not a large population, we were able to find significant differences in FA 

between two genotype (CC and TT) carriers of TCF7L2 rs7903146 that were concordant 

with previous studies, thus establishing novel data to guide future studies if needed. In this 

study, we used an oral glucose loading to observe the effect of TCF7L2 rs7903146 on 
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plasma FFA concentrations, but didn’t measure the adipose FA composition, which is 

heavily influenced by dietary FA intake as well as the endogenous FA metabolism [24]. 

Unfortunately, we don’t have detailed information regarding the dietary intake of FA in our 

participants.

CONCLUSIONS

In summary, we found that adults with IGT have significantly greater fasting plasma FFA 

concentrations and greater % MUFA. We also noted that insulin resistance and sex influence 

FFA responses amongst carriers of the minor T allele of TCF7L2 rs7903146. Insulin 

resistant TT carriers have the higher fasting FFA concentrations than CC carriers and, during 

the OGTT, female TT carriers have higher concentration and % MUFA due to higher oleic 

acid concentrations. Future studies directed towards adipose tissue handling of fatty acids 

and nutrient intake should be able to elucidate the underlying mechanisms by which the risk 

allele of TCF7L2 influences the fatty acids metabolism and to the role of diet in gene-

associated diabetes risk.
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Figure 1. 
The influence of TCF7L2 rs7903146 genotype on plasma FFA concentrations and fatty acid 

composition during the OGTT. There was not a statistically significant difference of total 

FFA concentrations and fatty acids composition between CC and TT carriers (P values by 

repeated-measures ANOVA).
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Figure 2. 
The influence of TCF7L2 rs7903146 genotype on plasma fatty acids concentrations during 

OGTT after stratification by sex. Panels A and B depict the changes in % MUFA during 

OGTT in females and males, respectively. Panels C and D depict the changes in % SFA 

during OGTT in females and males, respectively. Panels E and F depict the changes in % 

PUFA during OGTT in females and males, respectively. P values are for the repeated-

measures ANOVA; P=0.001 in Panel A was statistically different % MUFA during OGTT 

between female CC and TT carriers. * P<0.05, ** P<0.01 by non-paired t-test.
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Figure 3. 
The influence of TCF7L2 rs7903146 genotype on glucose disposal and total fatty acids 

concentration during OGTT in low and high HOMA-IR groups.
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Figure 4. 
The differences of plasma fatty acids concentrations during OGTT between NGT and IGT 

subjects. The Mean ± SEM plasma total FFA (P<0.0001, panel A) and % MUFA (P=0.028, 

panel B) during the OGTT in NGT and IGT subjects were significantly different by 

repeated-measures ANOVA. There were no significant differences in % SFA (P=0.234, 

panel C) or % PUFA (P=0.267, panel D) between NGT and IGT subjects during the OGTT 

by repeated-measures ANOVA. * P<0.05, ** P<0.01 by non-paired t-test.
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Table. 2

Characteristics, plasma glucose and insulin concentrations of NGT and IGT subjects

NGT (n=64) IGT (n=56) P

Sex (M/F) 30/34 15/41 0.02

Age (years) 37±13 47±14 0.0002

BMI (kg/m2) 26.5±3.8 28.3±4.4 0.02

FFM (kg) 48.3±11.8 45.2±12.8 0.17

Fasting glucose (mmol/L) 5.4±0.5 5.4±0.5 0.55

60min glucose (mmol/L) 9.1±1.9 10.5±2.0 *

120min glucose (mmol/L) 6.7±0.7 9.3±1.6 *

Fasting insulin (pmol/L) 33±23 33±16 0.97

120min insulin (pmol/L) 149±99 308±194 <0.0001

AAB glucose (mmol/L*120min) 324±104 475±131 *

AAB insulin (nmol/L*120min) 25.3±14.3 29.0±14.4 0.16

*
Because participants were selected for glucose intolerance, the plasma glucose concentrations
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