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■ Abstract 
Restriction of protein or energy intake during gestation or 
early life is linked to developmental defects in the endocrine 
pancreas and insulin resistance. AIMS: To study whether a 
saturated fatty acid-rich diet during gestation and/or after 
the weaning period may be detrimental to the insulin secre-
tory capacity later in life. STUDY DESIGN: Female Wistar 
rats were fed diets rich in carbohydrate (CHO) or saturated 
fat (SAFA) during pregnancy. The male offspring were split 
into five subgroups: after birth group 1 (control) continued 
on CHO and group 3 on SAFA. Group 2 continued on the 
CHO diet during the nursing period but changed to SAFA 
post weaning. Group 4 continued on SAFA, but changed to 
CHO post weaning. For group 5 the offspring of mothers 
given a SAFA diet were changed to nursing mothers on a 

CHO diet immediately after birth, and continued on the 
same diet post weaning. After 14 wk, the islets of Langer-
hans were isolated for determination of insulin secretory ca-
pacity in static incubation and dynamic perifusion experi-
ments. RESULTS: We found a negative correlation (Coef: -
3.1, 95% CI: -6.1 to -0.0, p < 0.05) between a diet rich in 
saturated fat fed to mothers during gestation and a positive 
correlation (Coef: 4.4, 95% CI: 0.9 to 7.8, p = 0.01) between 
nursing mothers’ diet and the capability to secrete insulin in 
the offspring. CONCLUSION: Our results indicate the im-
portance of applying a nutrient-balanced diet during preg-
nancy and the nursing period on the later insulin secretory 
capacity in the offspring. 
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Introduction 
 

  he rapid increase in type 2 diabetes indicates that 
  environmental factors e.g. the diet and physical 

inactivity, in addition to genetic disposition, are of ma-
jor importance for the development of the disease. 
Both the amount and the individual subtypes of dietary 
fats seem to influence insulin sensitivity [1]. Insulin re-
sistance is a major player in the etiology of type 2 dia-
betes, which requires enhanced insulin secretion to 

maintain normal intermediary metabolism. If enhanced 
insulin secretion is not able to compensate the insulin 
resistance, type 2 diabetes develops [2, 3]. 

Hales and Barker [4] have hypothesized that type 2 
diabetes may be programmed in utero i.e. that intra-
uterine malnutrition would lead to a low birth weight 
and increased the risk of type 2 diabetes later in life. 

Experimental investigation on organogenesis shows 
the pivotal role of adequate protein availability as well 
as total caloric intake [5, 6]. Amino acid metabolism in 
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the feto-maternal unit appears to play a key role for the 
development of organs involved in chronic disease e.g. 
diabetes in offspring [7, 8]. Experimental studies have 
also highlighted the influence of carbohydrate metabo-
lism on the fetus, i.e. diabetes in pregnant rat, has de-
velopmental effects on the endocrine pancreas [9]. 

Insulin secretion can be differentially influenced by 
individual fatty acids [10-12]. In vitro studies have 
shown that long-term exposure of pancreatic β-cells to 
high levels of fatty acids has a detrimental effect on in-
sulin secretion [13] corresponding to changes in a large 
number of genes involved in fatty acid and glucose 
metabolism as well as insulin signal transduction [14]. 
Changing both the fat content and the fatty acid pro-
file of the diet in rodents [12, 15] and humans [16] 
potently influence insulin action and secretion, with 
saturated fats being particularly detrimental. Siemelink 
et al. [12] studied the impact of fatty acid composition 
of the maternal diet (unsaturated vs. saturated fat-rich 
diets) on fetal and postnatal growth, morphology of 
the pancreas and glucose metabolism in adult off-
spring. Interestingly, they found that the nutritional 
fatty acid balance during development programs pan-
creatic responsiveness, observable as early as at 12 wk 
of age [12]. The maternal diet rich in saturated fat 
(SAFA), compared to a maternal diet rich in unsatu-
rated fat, caused an increased insulin response at week 
12 in the offspring of the SAFA group [12]. 

This raises the question whether an abundant 
amount of saturated fat during gestation may directly 
or indirectly be detrimental to the secretory responses 
of the pancreatic β-cells in the offspring. Conse-
quently, we carried out the present study to elucidate 
whether the amount of saturated fat in the diet of 
mothers during the gestational or nursing period may 
induce a subsequent alteration in the β-cell function in 
the offspring. 

Materials and methods 

Experiment design 

The present study on islet cell function is a separate 
part of a previously reported study [17]. 

Nine-week-old, female Wistar rats were weight-
matched and divided into two groups. The animals 
were fed a diet rich in either saturated fatty acids 
(SAFA) or carbohydrates (CHO) for 3 wk until the 
mating. The animals continued on the same diet during 
pregnancy. 

After birth, the male offspring were divided into 5 
groups, and fed the different diets according to Table 

1. Thus, groups 1 and 3 were born and nursed by 
mothers on a CHO or SAFA diet, respectively, and 
continued on the same diet until the end of the study. 
Groups 2 and 4 were born and nursed by mothers on a 
CHO or SAFA-rich diet, respectively, but changed to 
the “opposite” diet at the time of weaning. The off-
spring in group 5 were born by mothers on a fat-rich 
diet, but we removed the newborn pups from their 
biological mother and placed them with nursing moth-
ers receiving a carbohydrate-rich diet. These animals 
continued on the CHO diet after weaning. Thus, we 
divided the offspring of mothers on a CHO diet into 
two groups, whereas those on the SAFA diet were di-
vided into three groups. Each subgroup of offspring 
consisted of 12 rats. We transferred the offspring from 
the breading facilities (Taconic M&B, Denmark) to our 
own housing facilities when they were thirteen wk old. 
The animals acclimatized for one week, and continued 
on the diets described in Table 1 for this period. The 
animal facility was temperature-controlled (22-24°C) 
with a 12:12-h light-dark cycle. 

The animals were handled in accordance with Dan-
ish law, with the approval of the Animal Experiments 
Inspectorate under the Ministry of Justice. 

Diet 
The two diets used in this experiment were close to 

iso-caloric. The diets differed in their content of satu-
rated fatty acids and carbohydrates, but had the same 
protein content. The diet rich in saturated fatty acids 
(SAFA) was composed of 60 E% fat (which were 
mostly saturated fatty acids), 25 E% carbohydrates, 
and 15 E% protein. The carbohydrate rich diet (CHO) 
contained 10 E% fat, 75 E% carbohydrates, and 15 
E% protein. Consequently, we switched 50 energy per-
cent from fat in the SAFA diet to carbohydrate in the 

Table 1. Experimental design of studies using diets rich in carbo-
hydrate (CHO) or saturated fat (SAFA) 
 
 

Group 
 

  A: Mothers’ 
diet 

 

B: Offspring nursed 
by mothers on diet 

 
 

C: Offspring on 
diet 

 

 1 CHO 
 

 
 

CHO  
 

CHO 
 

 2 CHO 
 

 
 

CHO  
 

SAFA 
 

 3 SAFA 
 

 
 

SAFA  
 

SAFA 
 

 4 SAFA  
 

SAFA  
 

CHO 
 

 5 SAFA 
 

 
 

CHO  
 

CHO 
 

Legend: the study period can be divided into three sections: Period A 
including preconception, conception and gestation, Period B representing 
the nursing period, and Period C from wk 4-14 which represent the period 
from weaning until the end of the study. Each group of offspring consisted 
of 12 animals.
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CHO-rich diet. We have previously published the spe-
cific diet compositions [17]. 

Body weight and food consumption 
The animals were weighed on a regular basis. At the 

age of 4 wk the offspring were marked individually, 
and after this time the groups only contained the ani-
mals that were later part of the experiment. We would 
like to stress that we separated the rat offspring into 
five groups immediately after birth. The food con-
sumption was monitored throughout the study period. 
Controlled feeding was carried out with ad libitum feed-
ing on the CHO diet (pellet), and since the animal 
weights were similar throughout the study period, 
there was no need for intervention (e.g. energy restric-
tion) in the SAFA-fed groups. 

Blood samples 
Blood samples were collected using the retro-

orbital method [18], with the animals slightly sedated 
with pentobarbital (30 mg/kg BW), after overnight 
fasting at the age of 8 and 14 wk. Blood samples were 
collected on ice in tubes containing heparin/aprotinine 
(10 µl/ml blood) (Løvens Kemiske Fabrik, Ballerup, 
Denmark), rapidly centrifuged (4000 g, 60 sec, 4°C) 
and frozen for subsequent analysis of insulin, leptin 
and glucose at the age of 8 wk and insulin at age 14 
wk. At the termination of the study, we collected a 

sample of whole blood for analysis of glycated hemo-
globin (Table 4). 

Islet isolation 
Prior to experiments, the animals were 

fasted for 12h. Islets were isolated by the 
collagenase digestion technique [19]. In 
brief, the animals were anesthetized by in-
jection of pentobarbital (50 mg/kg BW 
intraperitoneally), and a midline laparo-
tomy was performed. The pancreas was 
retrogradely filled with 10 ml ice-cold 
Hanks balanced salt solution ([HBSS] 
Sigma Chemical, St Louis, MO, USA) 
supplemented with 0.3 mg/ml collagenase 
P (Boehringer Mannheim GmbH, Mann-

heim, Germany) through the pancreatic duct. The pan-
creas was subsequently removed and placed on ice in a 
glass tube, until digestion at 37°C for 16.5 min. After 
incubation, HBSS was added and the tubes were 
shaken rigorously. After sedimentation, the suspension 
was washed three times with HBSS. The islets were 
then collected under a microscope and incubated 
overnight at 37°C and 95% normal atmosphere/5% 
CO2 in 10 ml RPMI 1640 containing 11.1 mM glucose 
supplemented with 10% fetal calf serum, 2.06 mM L-
glutamine, 100 IU/ml penicillin G and 100 µg/ml 
streptomycin (all GIBCO BRL, Paisley, UK) to re-
cover. The islets originating from each animal were 
kept separate during the whole experiment. 

 

 

 

 
 

Incubation studies 
After overnight culture, the islets were rinsed twice 

with a modified Krebs-Ringer buffer (KRB) supple-
mented with 2.0 mM glucose and 0.1 % human serum 
albumin (Sigma). The KRB contained 125 mM NaCl, 
5.9 mM KCL, 1.2 mM MgCl2, 1.28 mM CaCl2 and 25 
mM HEPES (pH 7.4; all Sigma), and the islets were 
then pre-incubated for 1 h at 37°C in normal atmos-
phere. Islets from each animal were used in 8 single 
islet incubations with 100 µl of the modified KRB-
buffer supplemented with 2.0 mM glucose, 11.1 mM 

Table 2. Characteristics of the offspring of mothers fed on diets rich in carbohy-
drate (CHO) or saturated fat (SAFA) 
 
 

Parameter 
 

          CHO 
 

SAFA  
 

p-value 

 

Litter weight (total g) 71
 

.2 
 

± 2
 

.4 
 

 69
 

.2 
 

± 2
 

.4 
 

 
 

n
 

s 
 

 
 

Male pups (n) 5
 

.2 
 

± 0
 

.3 
 

 5
 

.5 
 

± 0
 

.3 
 

 
 

ns 
 

 
 

Female pups (n) 5
 

.8 
 

± 0
 

.3 
 

 5
 

.1 
 

± 0
 

.3 
 

 
 

ns 
 

 
 

Offspring (total n) 
 

10
 

.9 
 

± 
 

0
 

.4  
 

10
 

.6 
 

± 0
 

.4 
 

 
 

ns 
 

 
 

Offspring weight (g) 6
 

.6 
 

± 0
 

.1 
 

 6
 

.7 
 

± 0
 

.1 
 

 
 

ns 
 

 
 

Legend: data were collected at time of birth, before division into subgroups. ns: not signifi-
cant. Data given as mean ± SEM (n = 46-63). 

Table 3. Animal weight (g) measured after weaning and at the end of the study in the five experimental groups 
 
 

Week 
 

Group 1 
  

Group 2  
 

 Group 3                   Group 4 
 

      Group 5                 p-value  
 

  4 78
 

.0 
 

± 2
 

.0 
  

83 
 

.0 
 

± 2
 

.0 

 

 83
 

.0
 

± 2
 

.0 
 

 81
 

.0 
 

± 1
 

.0 77
 

.0 
 

± 1
 

.0  
 

n 
 

s 
 

 
 

14 227
 

.0 
 

± 3
 

.0 
  

226 
 

.0 
 

± 4
 

.0 

 

 227
 

.0
 

± 5
 

.0 
 

 233
 

.0 
 

± 3
 

.0 228
 

.0 
 

± 4
 

.0  
 

n 
 

s 
 

 
 

Legend: Values are mean ± SEM (n = 23-26). ns: not significant compared to group 1 (control). The experiment design for the five groups is 
provided in Table 1. 
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glucose, 16.7 mM glucose, 2.0 mM glucose with 5 mM 
leucine, or 11.1 mM glucose with 0.04, 0.4 mM palmi-
tate, or 0.1 µM glucagon-like peptide 1 (GLP-1), re-
spectively. After 1 h incubation at 37°C, 50 µl from 
each well were collected and frozen for later insulin 
analysis. 

Perifusion studies 
We performed six perifusion experiments simulta-

neously using a Brandel Suprafusion 2500 apparatus 
(Brandel Inc., Gaithersburg, MD USA). Each perifu-
sion chamber (300 µl) contained a gel (Biogel P4, 
Pharmacia, Uppsala, Sweden), and we perfused 10 is-
lets with a modified KRB-buffer (see above) supple-
mented with stimulatory agents as described below. 

Ten min basal perifusion at 2.0 mM glucose initi-
ated each perifusion experiment. The perifusion ex-
periment consisted of three stimulatory periods with 
11.0 mM glucose, 25.0 mM glucose and 11.1 mM glu-
cose + 0.1 µM GLP-1 each for 20 min, respectively. 
Each stimulation period was separated by 30 min basal 
perifusion with 2.0 mM glucose. 

All perifusion buffers were temperated at 37°C. 
The labile GLP-1 was added just before use to protect 
it from destruction. Fractions of the perifusion me-
dium were collected for 2-min periods and frozen for 
later analysis. Total duration of the experiments was 
200 min. 

Analysis 
Blood glucose was determined using the Glucose 

Oxidase method (GOD-PAP, Boehringer Mannheim, 
Germany). Blood samples were analyzed for leptin and 
rat insulin using sensitive radioimmunoassay kits (both 
Linco Res. Inc., Mo., USA). Glycated hemoglobin was 
measured by HPLC (Hitachi, Tokyo, Japan) with the 

Pharmacia Mono S HR 5/5 cation-exchange column, 
and standardized according to recommendations set by 
the International Federation for Clinical Chemistry. 

Insulin sampled in the perifusion and incubation 
experiments was determined by RIA with a guinea-pig 
anti-porcine insulin antibody (PNILGP4, Novo Nord-

isk, Bagsvaerd, Denmark) and mono-125I-(Tyr A14) la-
beled human insulin (Novo Nordisk) as tracer and rat 
insulin (Novo Nordisk) as standard. Free and bound 
radioactivity was separated using ethanol [20]. Inter- 
and intra assay variation was below 10%. 

Insulin biosynthesis 

The islets were washed three times in modified 
MEM (Minimal Essential Medium (Eagle) from 
GIBCO purchased without glucose or leucine) sup-
plemented with 8.3 mM glucose and 10% (v/v) Nu-
serum (Invitrogen, Taastrup, Denmark) whereafter the 
islets were pre-incubated for 30 min in the same me-
dium (37ºC, 95% O2, 5% CO2). The islets were divided 
into groups of 10 and incubated for 90 min at 37ºC 
(95% O2, 5% CO2) in 250 µl of the modified MEM 
supplemented with 10 µCi 4,5-3H(N)-Leucine (specific 
activity 52 Ci/mmol; Amersham Pharmacia Biosci-
ences, Hillerød, Denmark) and supplemented with dif-
ferent concentrations of glucose and palmitate (see re-
sults). After incubation, the medium was removed for 
insulin measurements and the islets were washed seven 
times with modified ice-cold MEM supplemented with 
2.8 mM glucose. Then, the islets were transferred to 
microfuge vials containing 1 ml of ice-cold glycine-
BSA (750.7 mg glycine, 250 mg bovine serum albumin 
(Sigma, MO, USA), 100 ml of distilled water, pH 8.8 
adjusted with NaOH) and sonicated in an ice-bath (2 x 
15 s, setting 4, (Branson, Danbury, CT, USA)). The 

Table 4. Metabolic parameters 
 
 

 
 

         Group 1 
  

         Group 2 
 

  Group 3                   Group 4 
 

       Group 5               p-value  
 

Week 8    
 

  
 

           
 

    Glucose (mM) 6
 

.59 
 

± 0
 

.48 
 

5
 

.68 
 

± 0
 

.22 

 

5
 

.61
 

± 0
 

.36 
 

 6
 

.42
 

± 0
 

.37 5
 

.46 
 

± 0
 

.48  
 

n
 

s
 

 
 

    Insulin (ng/ml) 0
 

.18 
 

± 0
 

.06 
 

0
 

.13 
 

± 0
 

.13 

 

0
 

.09
 

± 0
 

.02 
 

 0
 

.14
 

± 0
 

.02 0
 

.14 
 

± 0
 

.02  
 

n
 

s
 

 
 

    Leptin (ng/ml) 2
 

.14 
 

± 0
 

.41 
 

2
 

.27 
 

± 0
 

.33 

 

2
 

.36
 

± 0
 

.37 
 

 2
 

.60
 

± 0
 

.22 1
 

.89 
 

± 0
 

.21  
 

n
 

s
 

 
 

Week 14    
 

  
 

           
 

    Insulin (ng/ml) 0
 

.59 
 

± 0
 

.22 
 

1
 

.08 
 

± 0
 

.19 

 

1
 

.19
 

± 0
 

.23 
 

 0
 

.74
 

± 0
 

.20 0
 

.91 
 

± 0
 

.21  
 

n
 

s
 

 
 

    HbA1c (%) 1
 

.63 
 

± 0
 

.04 
 

1
 

.64 
 

± 0
 

.04 

 

1
 

.69
 

± 0
 

.04 
 

 1
 

.66
 

± 0
 

.03 1
 

.70 
 

± 0
 

.02  
 

n
 

s
 

 
 

Legend: Metabolic parameters collected during the study period. Blood samples collected at the age of 8 and 14 wk (n = 12 animals per group). Glycated 
hemoglobin (HbA1c) was analyzed on whole blood samples (n = 6 animals per group). Values are mean ± SEM. ns: not significant compared to group 1 
(control). The experimental design for the five groups is provided in Table 1. 
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suspension was hereafter placed in an ultra-centrifuge 
(30000 g, 30 min, 4ºC), and the supernatant removed 
for determination of specific insulin binding and total 
islet insulin. 

Immunoprecipitation 
300 µl of a glycine-BSA-NP40-protein-A Sepharose 

solution (3 ml of glycine-BSA-NP40 was supple-
mented with 150 mg protein-A-Sepharose (CL4B, 
Pharmacia)) mixed to homogeneity, and washed 2 
times with 1 ml glycine-BSA-NP40 and centrifuged 
(8000 g, 30 s) between each wash. After the last wash, 
1 ml glycine-BSA was added to each tube. The tubes 
were supplemented with 10 µl guinea pig anti-insulin 
serum (AIS, donated by Novo Nordisk) or 10 µl 
guinea pig normal serum (NS, Sigma) and mixed for 60 
min at room temperature. Hereafter, the tubes were 
centrifuged (8000 g, 30 s) and washed with 1 ml gly-
cine-BSA-NP40 three times. We added 1.5 ml of gly-
cine-BSA-NP40 to each vial, and thereafter 10 µl of 
the islet sonicate was mixed for 60 min at room tem-
perature with 100 µl of either AIS or NS and 100 µl 
glycine-BSA-NP40. The tubes were centrifuged (8000 
g, 30 s) and the supernatant discarded. The precipitate 
was washed 4 times with 250 µl glycine-BSA-NP40, 
and we discarded the supernatant after each wash. 
Hereafter, the precipitate was resuspended in 250 µl 
acetic acid-BSA (1 M acetic acid, 2.5 mg/ml BSA). Fi-
nally, the precipitate suspension was transferred to the 
scintillation fluid (Eco Scint, National Diagnostics, 
Georgia, USA) and counted in a liquid scintillation 
counter. 

Statistics 

Group 1 received a CHO-rich diet during the 
whole experiment and is referred to as the control 

group. ANOVA was used to assess overall differences 
between groups. If significant, Newman-Keul’s test for 
multiple differences was used to compare differences 
between the different experimental groups and the 
control group. When data were not normally distrib-
uted, even after transformation, the Kruskal-Wallis test 
was used to asses overall differences between groups. 
If significant, Mann-Whitney’s test to compare differ-
ences between the different experimental groups and 
the control group was applied. The Bonferroni method 
was used to adjust for multiple-comparisons. Only sig-
nificant differences compared to group 1 (control) are 
shown. Data are shown as means ± SEM. Linear re-
gression analysis was applied using the data from incu-
bation and perifusion studies. The regression model 
contained the insulin responses to the different ex-
perimental conditions, grouping variable and the inter-
actions between diet during gestation, nursing moth-
ers’ diet or the diet applied to the offspring post wean-
ing, according to the experimental setup (Table 1). In-
tercooled STATA 8 (StataCorp LP, College Station, 
TX, USA) was used for all statistical analyses. 

Results 
The offspring were separated into five subgroups 

immediately after birth, as described in Table 1. Table 
2 summarizes birth weight and litter size. There was no 

Table 5. Insulin secretion responses during static incubation of isolated islets of Langerhans 
 
 

Medium 
 

        Group 1 
  

         Group 2 
 

 Group 3                  Group 4 
 

      Group 5               p-value  
 

2.0 mM glucose 1
 

.8 
 

± 0
 

.2 
 

1
 

.9 
 

± 0
 

.2 

 

1
 

.9
 

± 0
 

.1 
 

 1
 

.8 
 

± 0
 

.2 
 

1 
 

.7 
 

± 0
 

.2  
 

n
 

s
 

 
 

2.0 mM glucose  
+5 mM leucine 

3
 

.8 
 

± 0
 

.5 
 

4
 

.2 
 

± 0
 

.7 

 

4
 

.5
 

± 0
 

.6 
 

 5
 

.0 
 

± 0
 

.7 
 

2 
 

.7 
 

± 0
 

.3  
 

n
 

s
 

 

 

11.1 mM glucose 11
 

.5 
 

± 0
 

.9 
 

10
 

.0 
 

± 0
 

.6 

 

12
 

.3
 

± 0
 

.8 
 

 13
 

.1 
 

± 1
 

.0 
 

9 
 

.6 
 

± 0
 

.9  
 

n
 

s
 

 
 

11.1 mM glucose  
+0.04 mM palmitate 

9
 

.8 
 

± 0
 

.8 
 

10
 

.6 
 

± 0
 

.8 

 

10
 

.7
 

± 0
 

.8 
 

 11
 

.3 
 

± 0
 

.9 
 

7 
 

.5 
 

± 0
 

.7  
 

n
 

s
 

 

 

11.1 mM glucose  
+0.4 mM palmitate 

17
 

.1 
 

± 1
 

.2 
 

19
 

.0 
 

± 1
 

.0 

 

19
 

.8
 

± 1
 

.6 
 

 21
 

.8 
 

± 2
 

.0 
 

13 
 

.4 
 

± 1
 

.4*  
 

0.0
 

1
 

 

 

11.1 mM glucose  
+0.1 µM GLP-1 

27
 

.5 
 

± 2
 

.2 
 

29
 

.0 
 

± 2
 

.0 

 

24
 

.8
 

± 1
 

.7 
 

 25
 

.4 
 

± 1
 

.9 
 

16 
 

.5 
 

± 1
 

.7*  
 

0.0
 

1
 

 

 

16.7 mM glucose 13
 

.3 
 

± 1
 

.2 
 

13
 

.3 
 

± 1
 

.0 

 

16
 

.3
 

± 1
 

.1 
 

 13
 

.8 
 

± 1
 

.1 
 

11 
 

.2 
 

± 1
 

.0  
 

n
 

s
 

 
  25.0 mM glucose 12

 

.8 
 

± 1
 

.1 
 

13
 

.6 
 

± 0
 

.8 

 

14
 

.8
 

± 1
 

.0 
 

 15
 

.4 
 

± 1
 

.1 
 

10 
 

.8 
 

± 0
 

.9  
 

n
 

s
 

 
 

Legend: Incubation experiments were performed as described in the methods section. The insulin concentration (ng/ml) is shown as mean ± SEM. Islets 
from each animal were used in 8 single islet incubations in 8 well racks with 100 µl medium in each well, and each well counts as one experiment. (n = 52-87 
single experiments for each condition per group n = 9-12 animals per group). Asterisk (*) denotes p < 0.05 compared to group 1 (control). ns: not significant 
compared to group 1 (control). The experiment design for the five groups is provided in Table 1. 
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difference in litter size, average weight, or sex dis-
tribution between the two diets at the time of birth. 

Weight gain and food consumption 

The offspring were marked individually at the age 
of 4 wk, and the individual weights were determined at 
the age of 4 and 14 wk. Table 3 shows the average 
weight development in the different groups. No differ-
ences were found in the average weight between the 
experimental groups and the control group at any time 
point. 

Food consumption in both the mothers and the 
offspring was monitored throughout the study, and no 
differences between the groups were found at any time 
point (data not shown). 

Blood samples 
Blood was sampled at week 8 for determination of 

glucose, insulin, and leptin and prior to islet isolation 
(age 14 wk) for determination of insulin and as an es-
timation of glucose level over time, glycated hemoglo-
bin (Table 4). We did not detect any differences for 
any of these measurements for groups 2-5 compared 
to the control group. 

Incubation experiments 
Results from the incubation experiments are pre-

sented as total insulin concentration in the medium af-
ter 1 h incubation (Table 5). In brief, isolated islets of 
Langerhans were incubated for 1 h with the different 
stimulatory agents. Subsequently, the incubation me-
dium was collected and later analyzed for insulin con-
centration. As shown in Table 5 there was a signifi-
cantly lower insulin response in group 5 compared to 
the control group when the islets were challenged with 
11.1 mM glucose supplemented with 0.4 mM palmitate 
or 0.1 µM GLP-1. There was a tendency towards lower 
insulin responses for group 5 compared to the control 

group for all the applied stimuli, but this only reached 
significance for high palmitate and GLP-1. 

Linear regression analysis was performed with the 
insulin responses as the dependent variable, clustered 
per animal and stimuli, and analyzed for interactions of 
mother’s diet, nursing mother’s diet and the offspring’s 
diet post weaning (and cross-interactions between 
these periods). The linear regression analysis showed a 
significant negative correlation between high fat diet 
fed to the mother during gestation and the capability 
to secrete insulin in the offspring (coef: -3.1, 95% CI: -
6.1 to -0.03, p = 0.048). High fat content in the nurs-
ing mothers’ diet was positively correlated with insulin 
secretory capacity in the offspring later in life (coef: 
4.4, 95% CI: 0.9 to 7.8, p = 0.01). Interestingly, we did 
not detect any significant association between the diet 
fed to the offspring post weaning and the capability to 
secrete insulin from the isolated pancreatic islets 14 wk 
after birth (coef: 0.5, 95 % CI: -2.6 to 3.7, p = 0.7). 

Perifusion studies 

The insulin response during perifusion was calcu-
lated as area under the curve (AUC) using the trape-
zoidal method [21]. As can be seen in Table 6, the in-
sulin response was higher when stimulated with 25.0 
mM than with 11.1 mM glucose, and even higher when 
GLP-1 (0.1 µM) was added at 11.1 mM glucose. There 
were no independent differences in insulin secretion 
calculated as AUC between any of the groups and the 
control group (group 1) in response to any of the ap-
plied stimuli. The insulin secretion was low and con-
stant in response to low basal glucose (2.0 mM, data 
not shown). 

Regression analyses were performed with all insulin 
responses per animal for all 2-minute fractions clus-
tered per individual animal and stimuli, and analyzed 
for interactions of the mother’s diet, nursing mother’s 
diet and the offspring’s diet post weaning (and cross 

Table 6. Insulin responses from isolated islets of Langerhans during dynamic perifusion experiments 
 
 

Medium 
 

        Group 1 
  

        Group 2 
 

 Group 3                  Group 4 
 

      Group 5               p-value  
 

11.1 mM glucose 27
 

.8 
 

± 5
 

.8 
 

30
 

.9 
 

± 4
 

.6 

 

31
 

.7
 

± 8
 

.4 
 

 30
 

.0 
 

± 3
 

.8 
 

26 
 

.6 
 

± 6
 

.3  
 

n
 

s
 

 
 

25.0 mM glucose 57
 

.0 
 

± 6
 

.2 
 

46
 

.9 
 

± 6
 

.1 

 

53
 

.2
 

± 8
 

.2 
 

 58
 

.7 
 

± 7
 

.7 
 

52 
 

.4 
 

± 11
 

.5  
 

n
 

s
 

 
11.1 mM glucose  
+ 0.1 µM GLP-1 

95
 

.5 
 

± 13
 

.2 
 

80
 

.0 
 

± 15
 

.3 

 

75
 

.9
 

± 10
 

.7 
 

 78
 

.9 
 

± 8
 

.8 
 

60 
 

.4 
 

± 12
 

.2  
 

n
 

s
 

 

 

Legend: Perifusion experiments were performed as described in the methods section. Results are presented as total area under the curve (AUC (ng/ml/20 
min), mean ± SEM) for stimulated periods respectively. There were 10 islets from one animal in each perifusion chamber, which is referred to as one ex-
periment (n = 7-9; perifusion experiments per group per stimuli). The insulin responses to low glucose were low and comparable (not shown). ns: not sig-
nificant compared to group 1 (control). The experiment design for the five groups is provided in Table 1. 
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interactions between these periods). This analysis 
showed no correlation between high fat diet fed to the 
mother during gestation and the capability of the off-
spring’s pancreatic islet to secrete insulin during dy-
namic perifusion experiments (coef: -0.2, 95% CI: -0.7 
to 0.3, p = 0.4). We found no correlation between high 
fat content in the nursing mothers’ diet (coef: 0.2, 95% 
CI: -0.3 to 0.7, p = 0.4) or in the diet fed to the off-
spring post weaning (coef: -0.1, 95% CI: -0.5 to 0.3, p 
= 0.5), and the capability to secrete insulin from the 
isolated pancreatic islets during perifusion later in life. 

Insulin biosynthesis 
Insulin secretion, measured as insulin concentration 

in the incubation media during the biosynthesis ex-
periment was similar in all groups for the different 
stimuli (Table 7). Biosynthesis of insulin was measured 
as incorporation of 4, 5-3H(N)-leucine, and did not dif-
fer between the groups (Table 7). Total insulin content 
in islets was not statistically significant different among 
the groups. 

Discussion 
In the present study, we used in vitro incubation and 

perifusion of isolated islets of Langerhans to investi-
gate the influence of a high content of saturated fat in 
the maternal diet on the insulin secretory capacity in 
the offspring. We report a differential effect of the 
mothers’ diet composition during gestation and nurs-
ing periods on islet insulin secretion in the offspring of 
rats. We found a negative correlation between a diet 
rich in fat fed to mothers during gestation and a posi-
tive correlation between nursing mothers’ high fat diet 
and the insulin secretory capacity in the offspring. 

The quite extreme dietary intervention we per-
formed did not affect the body weight development in 
the different groups. We also found comparably aver-
age birth weights between the groups. Neither did the 
maternal diet affect their reproduction capacity, judged 
as total litter weight, sex, or number of offspring. 
These findings confirm studies with selective malnutri-
tion [4-6], e.g. protein deprivation and administration 
of saturated fatty acids to pregnant rats [12, 22]. The 

Table 7. Insulin responses and biosynthesis of insulin 
 
 

Medium 
 

       Group 1 
  

        Group 2 
 

Group 3                 Group 4 
 

      Group 5                p-value  

 

Insulin biosynthesis 
(dpm/10 islets) 

   
 

  
 

           
 

 

 

     2.0 mM glucose 53
 

.7 
 

± 8
 

.7 
 

38
 

.2 
 

± 6
 

.9 

 

43
 

.4
 

± 5
 

.7 
 

 50
 

.3 
 

± 17
 

.2 
 

39 
 

.9 
 

± 6
 

.0  
 

n
 

s
 

 
 

     11.1 mM glucose 151
 

.6 
 

± 22
 

.8 
 

110
 

.7 
 

± 14
 

.9 

 

123
 

.0
 

± 14
 

.3 
 

 121
 

.4 
 

± 26
 

.2 
 

132 
 

.2 
 

± 27
 

.2  
 

n
 

s
 

 
 

     2.0 mM glucose  
     +0.4 mM palmitate 

51
 

.0 
 

± 11
 

.6 
 

38
 

.0 
 

± 8
 

.9 

 

31
 

.6
 

± 7
 

.7 
 

 38
 

.4 
 

± 10
 

.9 
 

45 
 

.4 
 

± 9
 

.2  
 

n
 

s
 

 

 

     11.1 mM glucose  
     +0.4 mM palmitate 

154
 

.6 
 

± 19
 

.9 
 

122
 

.0 
 

± 21
 

.0 

 

131
 

.3
 

± 9
 

.4 
 

 106
 

.8 
 

± 17
 

.2 
 

120 
 

.6 
 

± 18
 

.1  
 

n
 

s
  

 

 

Insulin concentra-
tion in supernatant 
(ng/ml per 10 islets) 

   
 

  
 

            

 

      2.0 mM glucose 0
 

.5 
 

± 0
 

.1 
 

0
 

.7 
 

± 0
 

.1 

 

0
 

.8
 

± 0
 

.1 
 

 0
 

.6 
 

± 0
 

.1 
 

0 
 

.6 
 

± 0
 

.1  
 

n
 

s
 

 
 

      11.1 mM glucose 2
 

.6 
 

± 0
 

.4 
 

1
 

.8 
 

± 0
 

.3 

 

3
 

.0
 

± 0
 

.4 
 

 2
 

.4 
 

± 0
 

.5 
 

2 
 

.2 
 

± 0
 

.2  
 

n
 

s
 

 
 

      2.0 mM glucose 
     +0.4 mM palmitate 

0
 

.5 
 

± 0
 

.1 
 

0
 

.7 
 

± 0
 

.2 

 

0
 

.8
 

± 0
 

.1 
 

 0
 

.8 
 

± 0
 

.2 
 

0 
 

.8 
 

± 0
 

.1  
 

n
 

s
 

 

 

      11.1 mM glucose 
     +0.4 mM palmitate 

3
 

.3 
 

± 0
 

.3 
 

2
 

.6 
 

± 0
 

.4 

 

2
 

.6
 

± 0
 

.2 
 

 2
 

.3 
 

± 0
 

.4 
 

2 
 

.3 
 

± 0
 

.2  
 

n
 

s
 

 

Total insulin (mg/ml 
per 10 islets) 

553
 

.0 
 

± 43
 

.0 
 

530
 

.0 
 

± 42
 

.0 

 

546
 

.0
 

± 34
 

.0 
 

 513
 

.0 
 

± 29
 

.0 
 

499 
 

.0 
 

± 26
 

.0  
 

n
 

s
 

 

 

Legend: After 90 minutes incubation with the indicated stimulatory agents, the supernatant was removed and later analyzed for insulin concentration. The 
islet insulin biosynthesis was analyzed as described in the methods section. Values are mean ± SEM. Ten islets from each animal were used in the experi-
ments (n = 4-6 animals per group). Total insulin reflects average insulin content per 10 islets. ns: not significant compared to group 1 (control). The experi-
ment design for the five groups is provided in Table 1. 
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low and comparable levels of leptin between the ex-
perimental groups several weeks post-weaning is con-
sistent with other reports on animals after high-fat 
feeding during lactation [23]. 

At termination of the study, we had expected some 
degree of diabetic metabolic disorder, at least in ani-
mals in groups 2 and 3, which received the fat-rich diet 
for the last 10 wk. Our findings are somewhat in con-
trast with other reports where high-fat feeding of rats 
for several weeks has been reported to reduce the glu-
cose-stimulated insulin secretion [24]. Although not 
statistically significant, our results indicate a tendency 
towards higher fasting insulin levels in these fat fed 
groups (2 and 3) compared to the control group at the 
end of the study, presumably reflecting development 
of a pre-diabetic state. This tendency corroborates 
other reports, where a positive association between in-
take of saturated fat and hyperinsulinemia has been 
found [25-27]. Interestingly, Siemelink et al. [12] dem-
onstrated that the nutritional fatty acid balance during 
development programs pancreatic responsivity, ob-
servable as early as at 12 wk of age i.e. a maternal diet 
rich in SAFA compared to a diet rich in unsaturated fat 
caused an increased insulin response at week 12 in the 
offspring of the SAFA group [12]. The level of blood 
glucose, determined both as glucose in the first part 
and as the level of glycated hemoglobin at termination 
of our study, were not different between the SAFA- 
and CHO-fed groups, indicating normal glycemic con-
trol in all groups at the termination of the study. The 
animals in groups 2 and 3 were fed a fat-rich diet at 
termination of the study, and we have previously [17] 
reported that animals in these groups have reduced in-
sulin sensitivity compared to the control group. Thus, 
the fat-fed animals must have been able to compensate 
for the increased insulin resistance by increasing insu-
lin secretion. 

We compared the insulin secretory capacity for the 
isolated islets using both static incubation and dynamic 
perifusion experiments. For each stimulus, we com-
pared the insulin responses in experimental groups 
with the control group (group 1). We only detected 
statistical differences in insulin secretion during static 
incubation with palmitate (0.4 mM) and GLP-1 (0.1 
µM) in the presence of 11.1 mM glucose. Thus, for 
these stimuli, islets from group 5 had lower insulin sec-
retory capacity than the control group. The offspring 
in group 5 were borne by mothers on a SAFA-rich 
diet, but were switched immediately after birth to nurs-
ing mothers on a carbohydrate-rich diet, and continued 
on the same diet after weaning. 

Although not significant for the other conditions, 
there was a tendency towards reduced insulin re-
sponses from group 5 compared to the control group 
for all the experimental conditions. It should be noted, 
however, that our data derived from experiments of 
the static system was not normalized for cell number, 
cellular protein, or intracellular insulin which would 
have been of interest. When we determined insulin 
secretory capacity using perifusion experiments, we 
were unable to detect any significant differences to the 
stimuli applied including palmitate and GLP-1. How-
ever, a tendency towards reduced insulin secretion re-
sponses to palmitate and GLP-1 in group 5 was dis-
cernable. 

One may suspect that a biochemical imbalance oc-
curs which can only partly be compensated. This hy-
pothesized imbalance is not reflected in detectable 
changes in the measured parameters, but may reflect a 
condition which would further develop over time. 

We applied linear regression analysis to explore the 
impact of the different diets during gestation, nursing, 
and post weaning on β-cell function in the offspring. 
The regression model used the insulin responses from 
all incubation studies as a dependent variable (clustered 
per animal and stimuli), and analyzed for interaction 
with mothers’ diet during gestation and nursing, and 
the diet applied to the offspring post weaning. This 
analysis showed a significant negative association be-
tween a high content of SAFA in the diet of mothers 
during gestation and the capability to secrete insulin in 
the offspring at the age of 14 wk. Furthermore, we de-
tected a positive association between a high fat content 
in the nursing maternal diet and the capability of the 
offspring to secrete insulin. Surprisingly, we did not 
detect any independent effect of the diet applied to the 
offspring post-weaning and the capability to secrete 
insulin during the incubation studies. 

Our findings indicate that high SAFA in the mater-
nal diet during gestation negatively influences the insu-
lin secretion capacity in the offspring later in life, 
whereas the same diet applied during the nursing pe-
riod increases the insulin secretion capacity and thus 
compensates for the negative influence during gesta-
tion. The insulin secretion capacity in the offspring is, 
in our study, not influenced by a high saturated fat diet 
from the time of weaning until the age of 14 wk. 

All together, our results demonstrate a reduced ca-
pability to secrete insulin from islets originating from 
animals that have experienced a high fat environment 
during gestation and changed to a high carbohydrate 
environment during nursing and post weaning. 
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Neither the level of insulin biosynthesis nor the to-
tal insulin content differed between the control group 
and any of the experimental groups. This indicates that 
whatever the mechanisms behind the reduced insulin 
secretory capacity is, it should be found downstream 
from insulin synthesis, and other studies indicate the 
oxidative capacity of the mitochondria to be the place 
to search [28]. 

We used a rat model without genetic predisposition 
to diabetes and attempted to induce a pre-diabetic state 
by dietary manipulation. One could argue that the ex-
periments should have waited until the animals had 
reached a higher age to show a possible metabolic de-
rangement. At present, it is not known if this would 
have been the case. The results reported here derive 
from in vitro studies in collagenase-treated islets. It can 
not be ruled out that in vivo studies, with intact islet ar-
chitecture and blood supply, might give different re-
sults regarding the insulin secretory capacity. 

Glucose is a primary energy source for the fetus 
[29]. The placenta is not permeable to insulin, but is 
highly permeable to glucose through glucose trans-
porters [29]. Mothers fed a diet rich in saturated fatty 
acids are likely to be relatively insulin-resistant and thus 
to have a compensatory increased level of insulin, and 
a higher level of blood glucose. 

We hypothesize that an expected higher glucose 
level in the fetus during the gestation period induces a 
change in the “set point” in the fetal β-cells and thus a 
higher level of glucose is needed to stimulate the insu-
lin secretion in the offspring of fat-fed mothers. Off-
spring nursed by mothers on a SAFA-rich diet get a 
high fat load through the breast milk [30] and these 
offspring may develop insulin resistance and compen-
sate by hypertrophy of the β-cells. These animals are 
thus better equipped, as the result of β-cell hypertro-

phy during late part of organogenesis, for the challenge 
they experience if they develop further insulin resis-
tance later in life. 

When offspring of fat-fed mothers are switched to 
nursing mothers on a CHO diet (group 5), the glucose 
offered to the offspring is relatively reduced compared 
to glucose levels in their biological fat-fed mothers 
milk. Consequently, the postulated compensatory β-
cell hypertrophy does not take place and the animals 
thus have a lower insulin secretory potential later in 
life. Therefore, it seems that it is not only the high-fat 
diet per se being detrimental for the insulin secretory 
capacity in the offspring, but possibly also timing. 

In conclusion, our results indicate that a high-fat 
diet fed to rats during gestation induces a reduced in-
sulin secretory capability in the adult offspring. Fur-
ther, a high-fat diet fed to nursing mothers induces in-
creased capability to secrete insulin in the adult off-
spring. The differential effect on the insulin secretory 
capacity in the offspring depending on the time period 
from conception to adult life where a high-fat diet has 
been introduced is extremely interesting and, to our 
knowledge, has not been demonstrated previously. 
Our results underline the importance of applying a nu-
trient-balanced diet during pregnancy and the nursing 
period. Further studies are needed to clarify effects of 
dietary fat in animals pre-disposed to developing dia-
betes. 
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