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Background: The prevalence of obesity-related diabetes in 
childhood is increasing and circulating levels of nonesterified 
fatty acids may constitute a link. Here, the association between 
palmitate and insulin secretion was investigated in vivo and 
in vitro.
Methods: Obese and lean children and adolescents (n = 80) 
were included. Palmitate was measured at fasting; insulin and 
glucose during an oral glucose tolerance test (OGTT). Human 
islets were cultured for 0 to 7 d in presence of 0.5 mmol/l pal-
mitate. Glucose-stimulated insulin secretion (GSIS), insulin con-
tent and apoptosis were measured.
results: Obese subjects had fasting palmitate levels 
between 0.10 and 0.33 mmol/l, with higher average levels 
compared to lean subjects. While obese children with elevated 
palmitate (>0.20 mmol/l) had accentuated insulin levels dur-
ing OGTT, obese adolescents with high palmitate had delayed 
first-phase insulin response. In human islets exposed to palmi-
tate for 2 d GSIS was twofold enhanced, but after 7 d attenu-
ated. Intracellular insulin content decreased time-dependently 
in islets cultured in the presence of palmitate and cleaved cas-
pase 3 increased.
conclusion: The rapid accentuated and delayed insulin 
secretory responses observed in obese children and ado-
lescents, respectively, with high palmitate levels may reflect 
changes in islet secretory activity and integrity induced by 
extended exposure to the fatty acid.

obesity in children is associated with type 2 diabetes melli-
tus (T2DM) and the prevalence of both childhood obesity 

and T2DM have increased (1). Obesity commonly precedes 
manifest T2DM and affects both insulin-secreting β-cells and 
insulin-target tissue (2). Indeed, approximately 85% of chil-
dren with T2DM are overweight or obese (3). Children with 
obesity consequently have increased risk of developing meta-
bolic complications already in their youth (4), which makes 
the obesity epidemic a serious threat to global health.

Elevated concentrations of circulating nonesterified fatty 
acids (NEFAs) have been implicated as a factor connecting 

obesity with T2DM (5). High NEFA concentrations are observed 
in both obese adults (5,6) and children (7) and have been asso-
ciated with insulin secretion in vivo (8,9). Among circulating 
NEFAs, the saturated fatty acid palmitate (C16:0) is one of the 
most abundant (10). Palmitate has previously been associated 
with both postprandial insulin secretion and insulin sensitivity 
in vivo (11) and extensively investigated in vitro in connection 
with decline in islet β-cell function and mass after prolonged 
exposure (12). Detrimental effects of chronic palmitate expo-
sure include shifts in sphingolipid metabolism as well as ini-
tiation of oxidative stress, downregulation of glucokinase, and 
triggering of endoplasmic reticulum-stress response (13–18).  
In addition, palmitate contributes to inhibition of insulin pro-
cessing, resulting in an increase in the proinsulin to insulin 
ratio (19). In contrast, when palmitate concentration is acutely 
increased, insulin secretion is stimulated (20,21), where free 
fatty acid receptor 1 plays an important role (22).

Here, we investigated how elevated palmitate levels are 
related to the insulin secretory response to glucose in obese 
children and adolescents as well as in isolated human islets. 
The cross-sectional in vivo study was complemented by an in 
vitro approach, where effects of fixed palmitate concentrations 
were studied in a controlled, longitudinal setting. We hypoth-
esized that insulin secretion is accentuated in obese children 
with high palmitate levels and later becomes impaired in obese 
adolescents.

RESULTS
Palmitate and Insulin Concentrations at Fasting
Fasting palmitate levels showed an approximate fourfold 
range in the whole study population and were normally dis-
tributed with a mean of 0.19 mmol/l (Figure 1a). Palmitate 
levels were higher in obese subjects (Figure 1b). Fasting 
palmitate was neither associated with pubertal stage (age) 
(Table 1) nor with gender (data not shown). Fasting insu-
lin levels in obese subjects were approximately threefold 
higher compared to lean subjects (Table 1). Fasting insulin 
correlated with palmitate levels for the whole study popula-
tion (P < 0.005) (Figure 1c). When analyzing the obese and 
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lean sub-populations separately, lean subjects showed no  
correlation. In the obese subjects, a positive relationship was 
observed (P = 0.09). Fasting glucose levels were not different 
between the groups, however (Table 1).

To further study the associations between fasting palmitate 
and insulin concentrations in children and adolescents with 
obesity separately, the obese subjects were divided into two 
groups, “low palmitate” and “high palmitate”, with the median 
0.20 mmol/l as devisor. The low and high palmitate groups 
were further divided into children and adolescents based on 
sex hormone levels. In obese children with high palmitate 
levels, fasting insulin was 180 ± 21 pmol/l, which was twofold 
higher than levels in obese children with low palmitate lev-
els and fivefold higher than levels in lean children (Table 1). 
Obese adolescents with high palmitate levels had fasting insu-
lin concentration of 161 ± 30 pmol/l, which was not different 
from fasting insulin concentration in obese adolescents with 
low palmitate levels but 2.5-fold higher than in lean adoles-
cents (Table 1).

Insulin Secretion During Oral Glucose Tolerance Test
In obese children with high palmitate, insulin increased sharply 
with a peak after 30 min with a concentration of 1,597 ± 277 pmol/l 
(Figure 2a). Insulin levels subsequently declined but remained 
higher than in lean children throughout the oral glucose tolerance 
test (OGTT) (Figure 2b). In obese children with low palmitate, 
the insulin levels also peaked after 30 min but merely at 586 ± 91 
pmol/l, which was similar to lean children. In fact, insulin levels 
during OGTT of obese children with low palmitate levels were, 
apart from fasting levels, only significantly elevated compared to 
lean children at 90 and 120 min (Figure 2b). Insulin levels dur-
ing the initial 30 min of the OGTT were further examined. The 
most prominent change in secretory rate was observed in obese 
children with high palmitate levels between 5 and 10 min of the 
OGTT, when insulin concentration rose with 113 pmol/l/min 
on average, with a max-value of 204 pmol/l/min (female, 8 y old) 
(Figure 2c). Finally, insulin levels were related to the secretion rate 
at fasting and fold increase in insulin secretion over basal secre-
tion was calculated. In lean children, an 11-fold rise in insulin 

Figure 1. Palmitate levels in obese and lean subjects. Fasting palmitate concentrations in 40 obese (black bars and circles) and 40 lean (white bars 
and circles) children and adolescents showed as distribution (panel a), mean concentration ± SEM (panel b), and correlation to fasting insulin (panel c). In 
panel c; Rspearman = 0.335, P = 0.0029 for whole study population; Rspearman = 0.275, P = 0.0902 for obese children and Rspearman = −0.0553, P = 0.7416 for lean 
children; regression line for whole study  population shown in graph. *P < 0.05 vs. lean subjects in panel b.
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table 1. Fasting characteristics of study population

Lean subjects  Obese subjects

Total
Prepubertal 

children
Pubertal 

adolescents Total
Prepubertal 

children
Pubertal 

adolescents
Prepubertal 

children low PA

Pubertal 
adolescents 

low PA

Prepubertal 
children high 

PA

Pubertal 
adolescents 

high PA

Number of 
subjects

40 19 21 40 20 20 10 10 10 10

Age 11.6 ± 0.7 
(7–17)

9.5 ± 0.4 
(6–10)

14.7 ± 0.6 
(10–18)

11.6 ± 0.6 
(3–18)

8.7 ± 0.6 
(3–12)

14.4 ± 0.4 
(10–18)

7.3 ± 0.8 (3–12) 14.2 ± 0.5 
(12–18)

10.1 ± 0.5 
(8–12)

14.6 ± 0.6 
(10–16)

Gender 19 females 
21 males

8 females  
11 males

11 females 
10 males

19 females 
21 males

10 females 
10 males

9 females  
11 males

6 females  
4 males

6 females  
4 males

4 females  
6 males

3 females  
7 males

Palmitate 
(mmol/l)

0.17 ± 0.01 
(0.08–0.33)

0.17 ± 0.01 
(0.10–0.33)

0.18 ± 0.01 
(0.08–0.28)

0.21 ± 0.01* 
(0.10–0.34)

0.22 ± 0.01* 
(0.11–0.34)

0.21 ± 0.01* 
(0.10–0.29)

0.18 ± 0.01 
(0.11–0.20)

 0.16 ± 0.01 
(0.10–0.20)

 0.25 ± 0.01* 
(0.20–0.34)

0.25 ± 0.01* 
(0.22–0.29)

Insulin 
(pmol/l)

55 ± 7 
(22–121)

34 ± 6 
(22–59)

65 ± 7 (26–
121)

154 ± 14* 
(33–410)

136 ± 16* 
(33–285)

173 ± 23* 
(43–410)

92 ± 16 * 
(33–181)

186 ± 37* 
(85–410)

180 ± 21* 
(78–285)

161 ± 30 * 
(43–368)

Glucose 
(mmol/l)

5.4 ± 0.1 
(4.6–5.9)

5.3 ± 0.1 
(4.6–5.9)

5.4 ± 0.2 
(4.7–5.9)

5.0 ± 0.1 
(4.4–5.9)

5.1 ± 0.1 
(4.6–5.9)

4.9 ± 0.1 
(4.4–5.4)

5.1 ± 0.1 
(4.6–5.7)

4.9 ± 0.1 
(4.4–5.4)

5.1 ± 0.1 
(4.7–5.9)

4.9 ± 0.1 
(4.4–5.4)

Results are means ± SeM and range in parenthesis. *P < 0.05 vs. lean subjects.
PA, palmitate.
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concentration was after 30 min observed (Figure 2d). This was 
reduced to ninefold for obese children irrespective of palmitate 
levels. Obese children with low palmitate had a statistically lower 
initial fold increase compared with lean children (Figure 2d).

In obese adolescents, insulin concentrations during OGTT 
were attenuated and a delayed rise in insulin levels when chal-
lenged with glucose was observed (Figure 3a). The only dif-
ference in insulin levels between obese and lean adolescents 
was at fasting, however at 1 h obese children with high palmi-
tate tended to have higher levels than lean children (P = 0.06) 
(Figure 3b). The lowest change in secretory rate was observed 
in obese adolescents with high palmitate between 0 and 5 min, 
when levels rose with 2.6 pmol/l/min on average, with a min-
value of −4.4 pmol/l/min (male, 14 y old) (Figure 3c). Indeed, 
in this group, 1/3 showed negative change in insulin levels 
during this time period. In lean adolescents, a 12-fold rise in 
insulin levels was observed (Figure 3d). In contrast, the obese 
adolescents showed merely a fivefold rise irrespective of palmi-
tate levels, which was significantly lower than lean adolescents.

Area under the curve for insulin during the initial 30 min 
AUC30 min as well as the insulinogenic index (IGI) was calculated 
to further examine the first-phase secretory response. In obese 
subjects with low palmitate levels, AUC30min was not different 
between children and adolescents. In contrast, in obese subjects 
with high palmitate levels, AUC30min was significantly higher in 
children compared with adolescents, lean children, and obese 
children with low palmitate (Figure 4a). Lean adolescents and 
obese adolescents with low palmitate levels showed higher IGI 
than children, respectively (Figure 4b). In contrast, the IGI was 
not different between children and adolescents with high palmi-
tate, but children with high palmitate had higher IGI than lean 
children and obese children with low palmitate (Figure 4b).

Glucose-Stimulated Insulin Secretion From Isolated Human 
Islets Exposed to Palmitate
Glucose-stimulated insulin secretion (GSIS) was measured 
from islets cultured in presence of palmitate for up to 7 d 
(Figure 5a). GSIS was almost doubled from islets cultured 

Figure 2. insulin secretion in obese and lean children. Insulin levels during oral glucose tolerance test (OGTT) in obese children with high (black circles/
bars) or low (black squares/bars) palmitate levels and lean children (white circles/bars) are shown (panels a and b). Changes in insulin concentration during 
first phase of insulin secretion (panel c) and insulin concentrations relative to basal concentrations during 30 min of OGTT (panel d) are shown. *P < 0.05 
obese vs. lean; †P < 0.05 obese with high palmitate vs. low palmitate. ‡P < 0.05 lean vs. obese with low palmitate. Results are expressed as means ± SEM for 
5–10 obese and 10–21 lean subjects per time point.
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Figure 3. insulin secretion in obese and lean adolescents. Insulin levels during oral glucose tolerance test (OGTT) in obese adolescents with high 
(black circles/bars) or low (black squares/bars) palmitate levels and lean adolescents (white circles/bars) are shown (panels a and b). Changes in insulin 
concentration during first phase of insulin secretion (panel c) and insulin concentrations relative to basal concentrations during 30 min of OGTT (panel d) 
are shown. *P < 0.05 obese vs. lean; ‡P < 0.05 lean vs. obese with low and high palmitate. Results are expressed as means ± SEM for 5–10 obese and 10–21 
lean subjects per time point.
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Figure 4. insulin secretion indices. Insulin amounts during first 30 min of oral glucose tolerance test (OGTT), AUC0-30 min (panel a), and insulin amounts 
related to changes in glucose during the first 30 min of the OGTT, insulinogenic index (panel b) in lean children (Ch) and adolescents (Ad) (white bar) and 
obese children and adolescents (black bars) with high and low concentrations of palmitate (PA). Results are expressed as means ± SEM. *P < 0.05 obese vs. 
lean; †P < 0.05 obese with high palmitate vs. low palmitate (within the same pubertal stage); ‡P < 0.05 adolescents vs. children.
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in presence of palmitate for 2 d compared to control islets 
(Figure 5b). The increase was accounted for by increased insu-
lin release during both the initial 10 min (first-phase) (Figure 
5c) and subsequent 10 min (second-phase) (Figure 5d) of 
insulin release in the presence of 20 mmol/l glucose. After 7 d 
of culture in the presence of palmitate, GSIS was significantly 
lower than after 2 d culture (Figure 5b). The reduction in insu-
lin secretion was paralleled by a reduction in both first and 
second phases of insulin secretion (Figure 5c,d).

Insulin Content and Apoptosis in Isolated Human Islets Exposed 
to Palmitate
Insulin content in islets exposed to elevated palmitate for 6 h and 2 
d was similar to levels found in control islets (Figure 6a). Content 

was reduced to 50 and 30% of levels in control islets after 4 and 
7 d, respectively. Cleaved caspase 3 content was not different in 
islets cultured for 2 or 4 d in presence of palmitate. The apoptotic 
marker was approximately 50% higher after 7 d (Figure 6b).

DISCUSSION
This study was designed to explore the association between 
palmitate and insulin secretion, using both in vivo cohort 
and in vitro models. We found that children and adolescents 
with obesity had on average 20% higher palmitate levels than 
lean subjects and that a time of exposure-dependent relation-
ship between palmitate and insulin secretion exists in vitro. 
Previous studies have reported that circulating NEFAs are ele-
vated in obesity and T2DM (5), while others have questioned 

Figure 5. insulin secretion after palmitate treatment in vitro. Glucose-stimulated insulin secretion from isolated human islets cultured in the presence 
of palmitate for 0 (open circles), 2 (closed triangles), or 7 (closed squares) days (panel a). After culture, islets were perifused in the presence of 2 and 20 
mmol/l glucose as indicated. Insulin released during 20 min (panel b), first 10 min (panel c) and last 10 min (panel d) at 20 mmol/l glucose in absence 
(white bar) or presence (black bars) of palmitate for the indicated culture time periods are shown. Representative of four to eight independent experi-
ments (panel a). Results are expressed as means ± SEM. *P < 0.05 vs. control; †P < 0.05 vs. 2 days culture.
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the association between NEFAs and adiposity (23,24). Elevated 
NEFAs impair insulin secretion, generally referred to as lipo-
toxicity (25), which is partly influenced by dietary habits (11). 
Palmitate is one of the most abundant circulating NEFAs (10) 
and has been associated with changes in β-cell function both 
in vivo (11,26) and in vitro (13–17,19,22) but previously not 
related to hyperinsulinemia in children with obesity. In this 
study, we found a relationship between fasting palmitate and 
insulin levels in obese children and adolescents. Such relation-
ship does not seem to be present in lean subjects, suggesting 
that additional mechanisms contribute in regulating insulin 
secretion when palmitate levels are within normal range.

The most accentuated rise in insulin secretory rate in 
response to glucose, as well as the highest insulin levels, was 
observed in obese children with high palmitate levels. The 
kinetics of the insulin curve were similar to lean subjects, how-
ever, with a distinct peak after 30 min, indicating that these 
subjects still have a normal first-phase insulin response and 
are not at immediate risk of developing T2DM (27). In addi-
tion, obese children with high palmitate had the highest IGI, 
suggesting a heightened sensitivity to glucose during the initial 
30 min, which supports the previous report of increased IGI in 
subjects with relatively high amounts of palmitate in the diet 
(11). Another aspect of the high insulin secretory response is its 
potential role as an early factor in development of obesity. In a 
genetically modified mouse-model, where the insulin response 
was about 50% of wild-type mice, no weight gain upon feeding 
with high-caloric diet was observed (28). It appeared that extra 
caloric intake was dissipated as heat in adipose tissue, which 
expressed elevated levels of proteins involved in uncoupling.

In parallel, isolated islets of Langerhans were after 2 d 
responding to elevated palmitate levels with accentuated insu-
lin secretion. The observation of hyperinsulinemia in obese 
children with high palmitate levels in combination with the in 
vitro findings suggests that high palmitate levels may accentu-
ate the β-cell response to glucose in children. This might be 
due to both enhanced metabolism and mitochondrial respira-
tion (29,30). Causality needs to be further elucidated in vivo by 
mechanistic experiments, however, since saturated fatty acids 
also have been connected to insulin resistance (31,32).

In obese adolescents with high palmitate, insulin levels were 
not elevated during the initial 30 min. Instead, a delayed insu-
lin peak at 60 min was observed, which has been connected 
with impending glucose intolerance and is a risk factor of 
T2DM in adults (33). Indeed, during the initial 5 min of the 
OGTT, the lowest secretory rate was observed in obese adoles-
cents with high palmitate levels. Interestingly, 1/3 of subjects 
in this group showed an initial decline in insulin concentra-
tions. This paradoxical secretory response to glucose has been 
attributed reduced ability of β-cells to efficiently metabolize 
and increase the ATP/ADP ratio, leading to delay in closure 
of ATP-dependent K+-channels and Ca2+ influx via voltage-
dependent L-type channels (34).

In islets exposed to chronically high palmitate levels, insu-
lin hypersecretion was followed by impaired insulin secre-
tion. Interestingly, a decline in insulin content preceded the 

impairment in insulin secretion. We propose that the reduced 
insulin secretion is partially a result of decline in insulin con-
tent (16,22), which may reflect inability of insulin biosynthesis 
(35) and impaired formation of insulin granules (36) to main-
tain adequate β-cell granulation in phase of prolonged elevated 
insulin release. In addition, the exocytosis machinery is affected 
by chronic palmitate treatment, contributing to reduce secretion 
(16,37). In the current study, after 7 d of palmitate treatment, 
apoptosis was significantly increased, which is in agreement with 
previous work (12,15,16,22). Palmitate may induce apoptosis by 
generation of intracellular ceramide and increasing reactive oxy-
gen species (12,15,38). In summary, the aforementioned may 
be potential underlying mechanisms for the lowered secretory 
response observed in obese adolescents with high palmitate levels.

We acknowledge the difficulties in translating the in vivo 
and in vitro results of this study and several aspects limit the 
possibilities to draw conclusions. They include the relatively 
small study population with no longitudinal analyses avail-
able. In addition, palmitate levels may vary over time in sub-
jects depending on dietary habit (39). Furthermore, there are 
additional NEFAs, amino acids and hormones like glucagon-
like peptide-1 and gastric inhibitory peptide in the circulation, 
which influence insulin secretion. Moreover palmitate was not 
measured during the OGTT. Since NEFA levels are expected 
to decline during an OGTT as insulin levels rise (8), it can be 
assumed that high fasting palmitate levels have a direct influ-
ence on insulin secretion mainly during the first phase insulin 
response, but this needs to be validated.

In conclusion, we propose based on evidence from in vivo and 
in vitro studies that hyperinsulinemia observed in obese children 
with elevated fasting palmitate levels may reflect accentuated 
insulin secretion, and similarly that delayed insulin response in 
obese adolescents with high palmitate may implicate a declin-
ing β-cell function. If these interpretations are correct, for which 
additional work is required, high fasting palmitate levels could 
be connected with increased risk of developing T2DM.

METHODS
Study Population
Eighty children and adolescents were included in the cross-sectional 
study; 40 subjects with obesity (age and gender adjusted BMI ≥ 30) 
and 40 lean (BMI < 25) subjects. Subjects were 3–18 y old, with 
approximately the same number of males and females. All sub-
jects had normal fasting glucose levels (Table 1) and were part of 
the Uppsala Longitudinal Study of Childhood Obesity cohort (40). 
Prepubertal and pubertal subjects are referred to as “children” and 
“adolescents”, respectively. The Regional ethical committee in Uppsala 
approved the study (2010/036 and 2012/318). Subject and parental 
informed consent have been obtained.

Blood Sampling and Measurements
Blood was sampled as previously described (40). In short, blood was 
drawn from a peripheral vein using a stationary catheter. After sam-
pling, ethylenediaminetetraacetic acid-tubes used for palmitate analy-
ses were centrifuged at 4 °C and plasma stored at −72 °C. Analysis of 
glucose (Abbott Architect, Abbott Diagnostics, Lake Forest, Ill), insulin 
(Cobas E602, Roche Diagnostics, Indianapolis, IN), follicle-stimulating 
hormone, and luteinizing hormone (Cobas E601, Roche Diagnostics, 
Indianapolis, IN) (subjects with follicle-stimulating hormone > 2 IU/l 
and/or luteinizing hormone > 0.6 IE/l were considered pubertal) were 
conducted at the Uppsala University Hospital laboratory in accordance 
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with local standard operating procedures. Blood samples with hemoly-
sis were omitted with regard to insulin analyses.

Palmitate Measurements
Circulating levels of palmitate were quantified in plasma samples 
as previously described (10). In brief, frozen plasma samples were 
thawed and mixed with internal standard (heptanoic acid, C17:0). 
Thereafter, lipids were extracted and derivatized by amidation. Finally, 
amide derivatives were analyzed using gas-chromatography mass 
spectrometry (TQ-GC–MS/MS; Bruker Daltonics Inc., Billerica, MA, 
USA). Identification was done by comparing mass spectra of standard 
samples of amides of fatty acids with study samples.

Oral Glucose Tolerance Test
OGTT was conducted as previously described (40). In brief, after 
drinking a glucose solution (1.75 g glucose per kilogram body mass, 
maximum 75 g), blood samples were collected after 5, 10, 30, 60, 90, 
and 120 min. Some subjects were unable to complete the OGTT.

Human Islet Isolation and Culture
Human islets, with a purity of at least 60%, were isolated from deceased 
adult donors. Nondiabetic female and male donors, age 40–65, were 
included in the study. Culture was conducted in CMRL 1066 medium 
(Invitrogen, Paisley, UK) containing 10% fetal bovine serum (Invitrogen), 
1% Penicillin-Streptomycin, and 1% Glutamine (Invitrogen) at 37 °C 
and 5% CO2. Palmitate (Sigma Aldrich, St. Louis, MO) was prepared 
as previously described (22) to a final concentration of 0.5 mmol/l with 
0.5% BSA (Roche Diagnostics, Mannheim, Germany) and added to the 
culture medium. Culture duration was set to 0 (control), 0.25, 2, 4, or 7 d. 
Ethical approval for all procedures involving human islets was obtained 
from the regional ethical board in Uppsala (2010/006).

GSIS
After culture, viable islets were selected and perifused with Krebs-Ringer 
bicarbonate HEPES-buffer containing 2 mmol/l glucose for 60 min as 
previously described (22). Subsequently, the glucose concentration was 
raised to 20 mmol/l and perifusion was continued for another 20 min 
and perifusate collected after 2, 4, 6, 10, 15, and 20 min. First-phase 
insulin secretion was defined as the initial 10 min after increasing the 
glucose concentration to 20 mmol/l, while the subsequent 10 min were 
defined as second-phase insulin secretion. Quantification of insulin in 
the samples obtained from islet perifusions was done by enzyme-linked 
immunosorbent assay as previously described (22) and insulin section 
was normalized to total protein measured by Lowry.

Insulin Content and Apoptosis Measurements
After culture, islets were placed in cold lysis-buffer (1% Triton and 
0.1% protease inhibitory cocktail in phosphate buffer solution) and 
incubated on shaker for 60 min. Islets were thereafter sonicated on 
ice. Insulin content was quantified by enzyme-linked immunosorbent 
assay as previously described (22). Cleaved caspase 3 (Cell Signaling, 
Danvers, MA) was measured as a marker of apoptosis and quantified 
by western blot. Immunoreactive bands were visualized by chemilu-
minescence using the ChemiDoc XRS+ system (BioRad, Hercules, 
CA) and quantified with Quantity One (BioRad). β-actin (Cell 
Signaling) was used for normalization.

Calculations and Statistical Analyses
Data was screened for normal distribution with the D’Agostino & 
Pearson omnibus normality test. ANOVA was used to compare groups 
followed by a post hoc test (Mann-Whitney’s and Bonferroni’s tests). 
The insulin secretory rate; change in concentrations between the dif-
ferent OGTT-time points per minutes, was calculated. Postprandial 
insulin secretion has previously been investigated by IGI and AUC (11). 
The trapezium rule was used to calculate insulin AUC30 min, while IGI 
was calculated using the formula Insulin(30 min-0 min)/Glucose(30 min-0 min).  
Group statistics are presented as mean ± SEM. Statistical analyses 
were conducted using GraphPad Prism 6.0c (GraphPad Software, La 
Jolla, CA). Statistical significance was set to P < 0.05.
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