
Abstract

Aims/hypothesis. The familial predisposition to Type 2
diabetes mellitus is mediated by both genetic and in-
trauterine environmental factors. In the normal course
of events, maternal genes always develop in the same
uterus, thus restricting studies aimed at investigating
the relative contribution of these factors. We have de-
veloped an embryo transfer paradigm in rats to over-
come this difficulty.
Methods. Euglycaemic female Wistar rats were super-
ovulated and mated with male Wistar rats. The follow-
ing day, fertilised eggs were transferred into pseudo-
pregnant female Wistar rats or hyperglycaemic Goto
Kakizaki (GK) rats. Pregnancies were allowed to go
to term. Offspring were weighed at 6 weeks, 3 months
and 6 months of age and an intravenous glucose toler-
ance test was carried out at 6 months of age.
Results. Offspring from Wistar into Wistar embryo
transfers (n=20) were not significantly hyperglycaemic
compared to the non-manipulated Wistar stock colony
(n=26). However, offspring from Wistar gametes

reared in hyperglycaemic GK mothers (n=51) were
significantly lighter at 6 weeks of age (156±4.1 g vs
180±6.1 g [mean ± SEM], p<0.01) and significantly
more hyperglycaemic at 6 months of age (fasting 
glucose 6.6±0.18 mmol/l vs 4.8±0.21 mmol/l, mean
blood glucose during glucose tolerance test 14.3±
0.31 mmol/l vs 11.1±0.28 mmol/l, p<0.01) than Wistar
gametes transferred back into euglycaemic Wistar
mothers. When GK rats were superovulated and mated
together, transfer of 1-day-old embryos into pseudo-
pregnant Wistar dams did not alleviate hyperglycaemia
in adult offspring.
Conclusions/interpretation. In GK rats, a euglycaemic
intrauterine environment cannot overcome the strong
genetic predisposition to diabetes. However, in Wistar
rats with a low genetic risk of diabetes, exposure to
hyperglycaemia in utero significantly increases the
risk of diabetes in adult life.

Keywords Embryo transfer · Genetics · Intrauterine
environment · Superovulation

Received: 28 January 2004 / Accepted: 14 May 2004
Published online: 17 July 2004
© Springer-Verlag 2004

J. C. Alcolado (✉)
Department of Medicine, 
University of Wales College of Medicine, 
Heath Park, Cardiff, Wales, CF14 4XN, United Kingdom
E-mail: Alcolado@btinternet.com
Tel.: +44-29-20747247

Abbreviations: AvGTT, weighted average blood glucose 
during glucose tolerance test · FG, fasting blood glucose · 
GK, Goto Kakizaki · W, Wistar

Diabetologia (2004) 47:1354–1359
DOI 10.1007/s00125-004-1464-x

Articles

Type 2 diabetes mellitus — genes or intrauterine environment?
An embryo transfer paradigm in rats
R. Gill-Randall1 · D. Adams1 · R. L. Ollerton2 · M. Lewis1 · J. C. Alcolado1

1 Department of Medicine, University of Wales College of Medicine, Cardiff, Wales, United Kingdom
2 School of Quantitative Methods and Mathematical Sciences, University of Western Sydney, Penrith Campus, New South Wales, 

Australia

Introduction

Type 2 diabetes mellitus is a familial disorder and nu-
merous studies have reported that patients more fre-
quently recall that they had an affected mother than
an affected father [1, 2]. Several mechanisms could
explain this pattern of inheritance, including the in-
fluences of maternally inherited genes and of the 
intrauterine environment.

Evidence for a genetic cause includes the discovery
of a subgroup of diabetes associated with maternally
transmitted mitochondrial DNA defects [3, 4, 5]. The
role of the intrauterine environment is complex. The
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“thrifty phenotype” hypothesis suggests that impaired
fetal nutrition may increase susceptibility to diabetes
in later life [6, 7]. In contrast, Freinkel coined the term
“fuel-mediated teratogenesis” for the process by
which adverse effects arise in the offspring of diabetic
mothers as a consequence of excessive exposure to
glucose within the uterus [8], including an increased
susceptibility to diabetes in later life. Thus offspring
of Pima Indians who were in-utero when their mother
had diabetes have a greater risk of diabetes than older
siblings born before the mother developed diabetes
[9].

Since maternal genes normally always develop in
the same uterus, research studies into the relative con-
tributions of genes and intrauterine environment have
proved difficult to design. A few studies have attempt-
ed to address this important issue directly. Dietary ma-
nipulations, such as protein restriction, of pregnant ro-
dents have been undertaken in an attempt to alter the
intrauterine environment whilst keeping a constant ge-
netic background [10, 11]. Offspring of rats rendered
diabetic by the administration of streptozotocin are
more likely to develop diabetes than pups from litters
born prior to the manipulation [12].

However, these experimental approaches have limi-
tations. For example, it has not been possible to fully
study the effects of rearing offspring at genetically
high risk of diabetes in a normal uterus, as it is diffi-
cult to maintain perfect euglycaemia in diabetic rats
(except perhaps transiently with islet cell transplanta-
tion [13]). The confounding effects of maternal age
and parity must also be taken into account.

The aim of our studies was to establish an embryo
transfer system to examine the relative contribution of
genetic factors and of the intrauterine environment to
the later development of diabetes.

Given the nature of our proposed experiments, we
chose a rodent model with Type 2 diabetes, the Goto
Kakizaki (GK) rat. This strain was developed by the
successive inbreeding of Wistar rats with the highest
blood glucose concentrations [14]. Adult GK rats de-
velop stable moderate hyperglycaemia. We chose this
strain for several reasons. Firstly, the ancestral Wistar
strain is readily available and hence we did not fore-
see a species block or compatibility problem with 
embryo transfer. Secondly, adult GK rats have a rela-
tively normal lifespan with no requirement for specif-
ic treatment of their hyperglycaemia. Thirdly, the
strain has been extensively studied before, including
two genome-wide scans that have located potential
genetic loci contributing to disease susceptibility [15,
16]. However, the GK rat does not provide a perfect
model of human Type 2 diabetes. In particular, it is
not significantly overweight.

Materials and methods

Experimental procedures. All procedures were carried out in
accordance with licences granted under the British Animal
(Surgical Procedures) Act. Outbred Wistar and GK breeding
stock were maintained in-house at the BioMedical Services
Unit of the University of Wales, College of Medicine, a desig-
nated breeding and animal research establishment. They were
given free access to standard rat chow. We adhered to standard
husbandry procedures with a 12-h light/dark cycle. All animals
were identified by the insertion of a subcutaneous microchip.

To induce superovulation, we administered 5 IU of preg-
nant mare’s serum into the peritoneal cavity of 3-month-old
virgin female rats, which were restrained, but not anaes-
thetised. This was followed, 48 h later, by the intraperitoneal
administration of 5 IU of human chorionic gonadotrophin. We
then caged up to four of the female rats with a proven male of
the same strain and allowed mating to occur overnight. The
following morning, coitus was confirmed by the presence of a
vaginal plug and we killed these female rats by cervical dislo-
cation. We immediately opened the abdomen, identified the
oviducts and retrieved the fertilised eggs under an operating
microscope. We cleaned the eggs of surrounding cumulus cells
by incubating with a dilute solution of hyaluronidase in M3
medium.

We prepared recipient female rats by rendering them pseu-
do-pregnant. This was achieved by allowing 3-month-old vir-
gin female rats to mate overnight with vasectomised Wistar
rats. We performed the vasectomies under isoflurane anaesthe-
sia, and success was judged by the repeated inability of these
male rats to fertilise multiple female partners. Plugged recipi-
ent female rats were anaesthetised with isoflurane delivered in
oxygen by a veterinary anaesthetic machine and we then ac-
cessed the oviducts through sequential bilateral paralumbar in-
cisions. We transferred 6 to 8 of the freshly collected embryos
into each ampulla using a micropipette primed with M3 media.
These rats were allowed to recover and pregnancies continued
until spontaneous delivery at term.

We attempted morphometric assessment at birth, but this
resulted in an unacceptably high maternal rejection rate. For
similar reasons, we did not pursue cross-fostering studies and
all offspring were fed by their respective (uterine) mothers un-
til weaned. Offspring were weighed at 6 weeks, 3 months and
6 months of age. At 6 months of age, offspring underwent an
intravenous glucose tolerance test. After an overnight fast, and
under isoflurane anaesthesia, one of the external jugular veins
was cannulated and a baseline blood sample was taken. We
then administered 0.8 g/kg of glucose by rapid injection. We
took blood samples at 5, 10, 15, 20 and 30 min for glucose 
estimations via tail-snips. In accordance with our licences, rats
were then killed and tissue stored for subsequent analysis. Glu-
cose tolerance tests were also done on a random selection of 
6-month-old Wistar and GK rats from our breeding colonies.

Experiment groups. Three groups of experiments were carried
out. Firstly, embryos obtained from Wistar rats were trans-
ferred back into pseudo-pregnant Wistar female rats (W→W).
This was our control group, to confirm that superovulation and
embryo transfer would not be diabetogenic. Secondly, embryos
obtained from Wistar rats were transferred into pseudo-preg-
nant GK females (W→GK). The aim of this group was to
study the effects of rearing embryos at low genetic risk of dia-
betes in a diabetic uterus. Finally, embryos from GK rats were
transferred into Wistar uterus to study the effects of rearing
embryos at high genetic risk of diabetes in a euglycaemic uter-
us (GK→W).
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Blood samples. All blood samples were coded and analysed by
an external laboratory that was blinded to the source of the
samples. Glucose was measured on a Vitros 250 automated 
analyser (Ortho Clinical Diagnostics, Johnson & Johnson,
Dublin, Ireland) that is calibrated and quality-controlled to UK
clinical standards.

Statistical analysis. Data are presented as means ± SEM. Nor-
mality assumptions were checked graphically. A p value of
less than 0.05 was taken to indicate statistical significance.
Since the blood glucose value at each time point of an intrave-
nous glucose tolerance test is not independent of the previous
time point value and groups were significantly different in
terms of fasting blood glucose, glucose tolerance data were
summarised by using the weighted average glucose value be-
tween t=0 and t=30 min (AvGTT, area under the curve calcu-
lated by the trapezoidal rule divided by 30). As each individual
offspring was part of a litter and data from different offspring
of the same litter could not be considered as independent, data
were analysed by ANOVA, with the litter variable nested in the
rat type variable.

Results

Wistar and Goto Kakizaki stock colonies. As ex-
pected, the GK stock colony was more hyperglycaemic
than the Wistar colony. The mean fasting blood 

Fig. 1. Fasting blood glucose (FG) and average blood glucose
during glucose tolerance test at 6 months of age (AvGTT) for
Wistar stock colony, GK stock colony, and embryo transfer ex-
periments. The central line of the box-plot indicates the medi-
an, the box indicates the interquartile range and the “whiskers”
indicate the total range. Outliers are not shown. The AvGTT
comparisons were unchanged when corrected for FG. Precise
means ± SEMs are given in text. W, Wistar stock colony; GK,
Goto Kakizaki stock colony; W→W, Wistar embryos trans-
ferred into Wistar uterus; W→GK Wistar embryos transferred
into GK uterus; GK→W, GK embryos transferred into Wistar
uterus 

glucose (FG) concentration in Wistar rats was
4.9±0.22 mmol/l (n=26) compared to 6.9±0.45 mmol/l
(n=29) in GK rats (mean ± SEM, p<0.01). The mean
AvGTT during the glucose tolerance test was also
greater in the GK colony than in the Wistar colony
(14.9±0.47 mmol/l vs 12.0±0.28 mmol/l, p<0.01)
(Fig. 1). These differences remained significant when
data were analysed separately for female and male rats.

Wistar embryos transferred into Wistar uterus
(Group 1). To assess any possible effect of superovu-
lation and embryo transfer on glucose tolerance in
adults, we studied 20 (9 male) offspring from two lit-
ters of Wistar into Wistar embryo transfers (W→W)
and compared FG and AvGTT during the intravenous
glucose tolerance test at 6 months of age with FG 
and AvGTT values in our stock Wistar colony
(Fig. 1). FG was similar in both groups (Wistar stock
4.9±0.22 mmol/l vs W→W 4.8±0.21 mmol/l) for all
animals and also when data were analysed separately
for male and female rats. There was a small (but sta-
tistically significant at p<0.05) reduction in AvGTT
for W→W offspring compared to the Wistar stock
colony (Wistar stock 12.0±0.28 mmol/l vs W→W
11.1±0.28 mmol/l), but this did not reach significance
when male or female rats were analysed separately.
Thus, overall there was no evidence that the ex-
perimental procedures themselves would predispose
to diabetes in offspring.

Goto Kakizaki embryos transferred into Wistar uterus
(Group 2). We studied 41 (25 male) offspring from
eight litters. We confirmed the euglycaemic status of
the Wistar dams by performing an intravenous glucose
tolerance test post-partum. The weight of offspring 
at 6 weeks, 3 months and 6 months of age is given in
Table 1. At 6 weeks of age, GK→W embryo transfer
offspring were significantly lighter than W→W em-



the development of Type 2 diabetes, independent of
the intrauterine environment, since GK offspring were
more hyperglycaemic than Wistar animals, regardless
of whether or not they had been reared in a diabetic
uterus.

GK embryos reared in a euglycaemic Wistar uterus
are still destined to develop diabetes, suggesting that 
a strong genetic predisposition to diabetes cannot 
be alleviated even if intrauterine euglycaemia is
achieved. It has been proposed that one benefit of
tight glycaemic control during gestational diabetes in
humans is a possible reduction in the risk of diabetes
to offspring. Our results suggest that this benefit may
be limited in families with a very high genetic risk for
diabetes.

Superovulation and embryo transfer in themselves
do not seem to be diabetogenic since the blood glu-
cose concentrations in the W→W offspring were no
higher than in the stock Wistar colony. Although we
studied fewer animals than in our other groups, the
techniques are routinely used in the generation of
transgenic animals throughout the world and hyper-
glycaemia has not been reported as a complication.
However, the techniques represent major interventions
in early life and, although our results are reassuring
and act as a control for our other embryo transfer
groups, it is important to note that the currently de-
scribed experiments were not designed to fully ex-
plore the possible diabetogenic role of superovulation
and embryo transfer techniques. Potential mechanisms
could include effects on ovum maturation and release,
embryo manipulation, abnormal implantation or pla-
centation. The litter sizes in our W→GK and GK→W
groups were both similar but significantly smaller
than that of the W→W group. This suggests that the
technique is most successful when both genetic par-
ents and pseudo-pregnant recipient female rats do not
have diabetes and further studies are warranted to ex-
amine the mechanisms that underlie this observation.

Adult offspring of Wistar rat embryos transferred
into a GK uterus were significantly more hyper-
glycaemic than the non-manipulated Wistar rats in our
breeding colony and also the W→W embryo transfer
control group. This suggests that, although genetic
factors are pre-eminent in mediating diabetes in the
offspring of GK rats, intrauterine environment plays
an important role in predisposing to diabetes in rats at
genetically low risk of diabetes. These results are in
keeping with the higher prevalence of diabetes ob-
served in the offspring of rats rendered diabetic by
streptozotocin treatment [12] and data from adult chil-
dren of Pima Indians with gestational diabetes [9].

Several studies have crossed non-diabetic male
rats with diabetic GK rats, for example, as part of 
genome-wide searches, and the resulting offspring are
invariably more hyperglycaemic than the original
non-diabetic male colony [15, 16]. One study has 
reported that offspring of Wistar male/GK female
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bryo transfer offspring but this was no longer apparent
at 3 months of age.

At 6 months of age, FG and AvGTT during the 
intravenous glucose tolerance test were signifi-
cantly higher in GK→W embryo transfer offspring
(FG 8.0±0.59 mmol/l, AvGTT 16.1±0.30 mmol/l) than 
in the Wistar stock colony (FG 4.9±0.22 mmol/l,
AvGTT 12.0±0.28 mmol/l) or in the W→W embryo
transfer offspring (FG 4.8±0.21 mmol/l, AvGTT
11.1±0.28 mmol/l) (p<0.01, Fig. 1).

Wistar Rats transferred into Goto Kakizaki uterus
(Group 3). We studied 51 (26 male) offspring from ten
litters. We confirmed the diabetic status of the GK
dams by performing an intravenous glucose tolerance
test post-partum. The weight of offspring at 6 weeks,
3 months and 6 months of age is given in Table 1. At
6 weeks of age, GK→W embryo transfer offspring
were of similar weight to W→GK offspring, but sig-
nificantly lighter than W→W offspring. However, by
3 months of age, male GK→W offspring were heavier
than male rats in both of these other groups. Although
this difference appeared to persist at 6 months of age,
statistical significance at p<0.05 was not maintained.

At 6 months of age, FG and AvGTT during the intra-
venous glucose tolerance test were significantly higher
in the offspring of W→GK embryo transfers (FG
6.6±0.18 mmol/l, AvGTT 14.3±0.31 mmol/l) than in
those of the Wistar rats in our stock colony and in the
W→W embryo transfer control group (Fig. 1, p<0.01).

Discussion

We performed a series of superovulation and embryo
transfer experiments in Wistar and GK rats. Our 
results confirm the importance of genetic factors in

Table 1. Mean weight (g) of embryo transfer offspring

Male rats (n) Female rats (n)

Six weeks
W→W 202±4.0 (9) 160±6.1 (10)
GK→W 164±8.8 (25) a 126±4.3 (16) a
W→GK 172±5.4 (26) a 139±4.2 (25) a

Three months
W→W 333±8.4 (9) 236±12.4 (11)
GK→W 330±5.5 (25) 231±6.6 (16)
W→GK 400±9.0 (26) b 238±4.1 (25)

Six months
W→W 437±12.8 (9) 291±21.1 (11)
GK→W 408±6.0 (25) 278±12.0 (16)
W→GK 486±12.5 (26) c 275±4.8 (25)

Data shown as means ± SEM. a p<0.001 when compared to
W→W; b p<0.05 when compared to W→W and GK→W; 
c p<0.05 when compared to GK→W



crosses are more hyperglycaemic than those of Wistar
female/GK male crosses and this has also been taken
as evidence of the diabetogenic effects of being 
exposed to diabetes in-utero [17]. However, these
maternal effects have not been confirmed in other
studies [18, 19] and the experiments are hampered by
the fact that the offspring also share the maternal
(non-diabetogenic) genes. Our embryo-transfer model
removes this potential confounding factor, since off-
spring have not inherited genetic material from their
surrogate mothers.

We postulate that hyperglycaemia in adult offspring
of GK→W embryo transfers is primarily genetically
mediated and that of W→GK transfers is modulated
by the intrauterine environment. Our data give further
support to the concept of fuel-mediated teratogenesis,
in which it is postulated that intrauterine exposure to
hyperglycaemia (or related factors such as excessive
NEFA levels) causes long-term damage to the devel-
oping embryo. Several mechanisms might underlie
this phenomenon. Intrauterine hyperglycaemia might
mediate the permanent switching on or off of genes in
the developing embryo, perhaps resulting in a survival
advantage in utero but at the expense of increasing the
risk of diabetes in adult life. Pancreatic beta cell mass
or regenerative capacity might also be altered, increas-
ing the risk of diabetes in later life. Imprinting, the
preferential activation of genes inherited from either
the mother or father, could be influenced by the pre-
vailing intrauterine environment. Several genetic loci
thought to be important in diabetes susceptibility are
known to be imprinted [20]. Embryo transfer tech-
niques are particularly well suited to the study of 
imprinting since both maternal and paternal genes can
be experimentally controlled independent of the intra-
uterine environment.

In humans, early neonatal ingestion of breast milk
from diabetic mothers may increase the risk of becom-
ing overweight and consequently developing impaired
glucose tolerance during childhood [21]. We were not
able to perform cross-fostering experiments in rats
due to high maternal rejection rates, especially
amongst the GK mothers. Further studies, perhaps us-
ing expressed milk and assisted feeding may help
quantify the relative contributions of intrauterine envi-
ronment, early post-natal feeding and milk composi-
tion to the increased risk of diabetes in later life.

Although we were unable to carry out anthropo-
metric measurements on our newborn pups, we made
an intriguing observation that both W→GK and
GK→W embryo transfer offspring were lighter at 
6 weeks of age than the W→W control group. It is
pertinent to note that human babies born as a result of
superovulation and embryo transfer procedures are
also lighter than control populations [22]. The study
of human families born as a result of assisted repro-
duction technology may provide valuable insights into
the relative contribution of genes and the intrauterine

environment in diabetes, but until ethical and confi-
dentiality issues are overcome [23], rodent embryo
transfer studies such as ours will help disentangle the
continuing debate regarding the influences of nature
and nurture in metabolic disorders.
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