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Maternal taurine supplementation in the late pregnant rat
stimulates postnatal growth and induces obesity and
insulin resistance in adult offspring
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An adequate supply of taurine during fetal life is important for normal beta-cell development
and insulin action. An altered availability of taurine may programme glucose metabolism
in utero and result in type 2 diabetes in adult age. We examined whether maternal taurine
supplementation in late pregnant rats affects postnatal growth, adult body composition, insulin
sensitivity and endogenous insulin secretion in intrauterine growth restricted (IUGR) and
normal offspring. Uterine artery ligation or sham operations were performed on gestational
day (GD) 19. Taurine supplementation was given to half of the dams from GD 18 until term,
resulting in four groups of offspring: sham (n = 22), sham/taurine (n = 22), IUGR (n = 22)
and TUGR/taurine (n = 24). The offspring were studied at 12 weeks of age. In offspring with
normal birth weight, fetal taurine supplementation markedly stimulated postnatal growth. In
sham/taurine females, fat depots, plasma free fatty acid and leptin concentrations were increased,
and insulin sensitivity was reduced. Insulin sensitivity was unaltered in IUGR and IUGR/taurine
offspring. However, whereas IUGR offspring showed little catch-up growth, 50% of TUGR/
taurine animals displayed complete catch-up at 12 weeks of age, and these animals had increased
fat depots and reduced insulin sensitivity. In conclusion, taurine supplementation in late
gestation resulted in accelerated postnatal growth, which was associated with adult obesity
and insulin resistance in both IUGR and normal offspring. This effect was particularly evident
in females. These data suggest that fetal taurine availability is an important determinant for

postnatal growth, insulin sensitivity and fat accumulation.
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The prevalence of type2 diabetes is increasing at an
alarming rate and it is estimated that 200-300 million
people around the world will be afflicted by the end of
the decade (Zimmet ef al. 2001). A perinatal origin of
adult disease has been suggested to contribute to the rapid
increase of metabolic syndrome, since intrauterine growth
restriction (IUGR) has been identified as an important
risk factor for development of insulin resistance, obesity,
hyperlipidaemia and type 2 diabetes in adult age (Hofman
et al. 1997). A lively debate has also evolved as to whether
catch-up growth following early growth restriction may
add to the risk of developing obesity and cardiovascular
disease later in life. Epidemiological studies have suggested
that high postnatal growth rates in subjects with low birth
weights are associated with an increased risk for central
obesity (Ong et al. 2004), type 2 diabetes (Forsen et al.
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2000), and death from cardiovascular disease (Eriksson &
Forsen, 2002). Recently, it was reported that adults with
ischaemic heart disease were, on average, small at birth,
thin at 2 years of age, and subsequently displayed a rapid
weight gain (Barker et al. 2005), suggesting that catch
up-growth in weight before 2 years of age may not be linked
to later cardiovascular disease. In experimental studies
of prenatal growth restriction induced by maternal food
restriction, postnatal cross-fostering to normal lactating
dams and subsequent weight catch-up growth correlated
withincreased percentage body fatin theadultrat offspring
(Desai et al. 2005).

Maternal bilateral uterine artery ligation in the
rat represents a model of IUGR caused by placental
insufficiency. We have previously found a gender-specific
response in IUGR offspring where female rats were
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associated with increased fasting blood glucose levels and
impaired glucose tolerance, whereas male offspring had
normal glucose metabolism (Jansson & Lambert, 1999).
Subsequently, Simmons and coworkers demonstrated that
IUGR offspring following maternal bilateral uterine artery
ligation displayed insulin resistance and reduced beta-cell
mass compared with controls at 15 weeks (Simmons et al.
2001).

Taurine (2-aminoethanesulphonic acid) is a sulphur-
containing amino acid that is present in the diet, and which
can also be synthesized from cysteine and methionine
in postnatal life. Although it is not incorporated into
proteins, taurine has been shown and proposed to have a
number of essential biological functions (Huxtable, 1992).
It is best known for its role in lipid metabolism, where
taurine enhances the absorption of fat in the intestine
by stimulating bile acid synthesis, and the degradation of
cholesterol. In addition, taurine plays important roles in
cellular osmoregulation and in inhibition of apoptosis and
protein phosphorylation (Huxtable, 1992; Hansen, 2001).
Animal studies have shown that taurine also seems to have
plasma lipid-lowering effects (Murakami et al. 2002) and
improves insulin sensitivity (Nakaya et al. 2000; Anuradha
& Balakrishnan, 1999).

The endogenous synthesis of taurine is inadequate in the
fetus, and taurine is therefore considered to be an essential
amino acid during fetal development (Hibbard et al
1990). Consequently, the fetus is dependent on placental
transport, mediated by high-affinity Na™- and Cl™ -
dependent transporters (Ramamoorthy ef al. 1994), for
an adequate supply of taurine. We have previously shown
a reduced activity of the placental taurine transporters
in human IUGR (Norberg et al 1998), which may
explain the lower fetal plasma concentrations of taurine
often observed in this pregnancy complication (Cetin
et al. 1990). Previous studies have demonstrated an
association between fetal taurine deficiency and abnormal
pancreas development and function. In dams fed a
low-protein diet, insulin secretion in vitro from islets of
Langerhans obtained from the offspring was reduced.
When taurine was added to the drinking water of
low-protein-fed dams, the release of insulin from fetal
islets was restored to normal levels (Cherif et al. 1998).
Further, taurine supplementation in low-protein-fed dams
has been reported to normalize the vascularization and
beta-cell mass in the fetal endocrine pancreas (Boujendar
et al. 2003). Recently, it was reported that taurine
supplementation throughout pregnancy and lactation in
rats fed a low-protein diet restored, a least in part, beta-cell
function in vivo in the 12-week-old offspring (Merezak
et al. 2004).

Maternal protein restriction may not represent an
optimal model for programming of diabetes in human
IUGR in Western societies where placental insufficiency
probably is the most common cause of restricted fetal
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growth. This study was undertaken to investigate the
effects of prenatal taurine supplementation on postnatal
growth, adult body composition, insulin sensitivity and
endogenous insulin secretion in normal offspring as well
as in offspring with IUGR due to placental insufficiency.

Methods
Animals

Dams. Pregnant rats (Sprague-Dawley, 10-12 weeks of
age, 230-300 g; B-K, Sweden) were delivered to the animal
facility 3-5 days prior to uterine artery ligation or sham
operation. Atday 18 of gestation (day 1is defined as the day
immediately following the night during which males were
present), supplementation of taurine (Sigma-Aldrich,
CA, USA) started in half of the animals. Taurine 2%
(w/v) was given until term (day 23 of gestation) as an
addition to the drinking water, and it was prepared fresh
daily. At day 19 of gestation, uterine artery ligation or
sham operation was performed. General anaesthesia was
induced by intraperitoneal injection (0.1 ml (100 g rat) ")
of a mixture consisting of 3 ml xylazine (Rompun vet,
20 mgml~'; Bayer) and 10 ml ketamine hydrochloride
(Ketalar, 50 mgml~!; Parke-Davis). A 2cm lower
abdominal midline incision was performed and the uterine
arteries were localized. Both uterine arteries were ligated
by sutures and the incision was closed. Sham-operated
dams underwent an identical procedure without ligation.
After surgery, dams were returned to individual cages.
Approximately 2—4 h after the completion of the surgery,
animals were walking around normally, drinking water
and exhibiting the characteristic exploratory behaviour.
The water and food intake was measured the day after
surgery in a subgroup of animals and found to be normal.

Offspring. After parturition, pups with a birth weight
of less than 5 g were defined as IUGR. Thus, there were
four groups of offspring: IUGR (offspring, with a birth
weight less than 5g, of dams in which uterine artery
ligation was performed), IUGR/taurine (offspring, with
a birth weight less than 5 g, of dams that received taurine
supplementation and in which uterine artery ligation was
performed), sham (offspring of dams in which sham
operation was performed) and sham/taurine (offspring of
dams that received taurine supplementation and in which
sham operation was performed). Approximately two or
three of the pups from mothers that were subjected to
uterine artery ligation had a birth weight less than 5g.
However, the majority of IUGR pups were either dead at
birth or died during the first days after birth. Thus, only
12% of the pups of dams undergoing uterineartery ligation
were IUGR that survived until adult age. The number of
animals studied in the different groups and the number of
litters from which they originated are given in Table 1. In
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Table 1. Number of litters and animals studied

Female Male
Group N n N n
Sham 5 10 8 1
Sham/taurine 7 11 6 11
IUGR 8 11 6 11
IUGR/taurine 7 12 9 12

IUGR intrauterine growth restricted; N number of litters; n
number of offspring.

order to normalize litter size, the number of pups in litters
larger than eight were reduced to eight, and no litters with
less than six pups were included, resulting in 6-8 pups in
all litters, with approximately the same number of females
and males (Jansson & Lambert, 1999). All pups were raised
with their mothers until 4 weeks of age, and subsequently
offspring were separated by sex, and housed in cages of 4-5
animals. The offspring were fed standard rat chow (2016;
Harlan-Orlac, Holland) and provided with tap water. Food
intake was measured in offspring as described (Dahlgren
et al. 2001). No significant difference in food intake was
found between experimental groups. Pup weight was
recorded at birth and once a week thereafter, starting at
day 7. Nose—anus length was measured during the first
4 weeks and at clamp experiment. Blood samples for
determination of serum leptin and IGF-1 were collected at
10 weeks of age using tail-vein bleeds, and blood samples
for analysis of plasma free fatty acids (FFA), cholesterol
and triglycerides were collected at experiment at 12 weeks
of age in offspring. The term ‘catch-up growth’ was
defined as an accelerated growth, after a transient period
of growth restriction, resulting in a final weight within
mean body weight £2 s.p. of sham group. The study was
approved by the Animal Ethics Committee of Gothenburg
University.

Euglycaemic-hyperinsulinaemic and hyperglycaemic
clamps

Rats were subjected to a euglycemic—hyperinsulinaemic
clamp at 12weeks of age, as previously described
(Holmang et al. 1990). The animals were anaesthetized
with 125mgkg™' body weight of thiobutabarbital
sodium (Inactin; RBI, Natick, MA, USA). Subsequently,
catheters were inserted into the left carotid artery for
blood sampling and into the right jugular vein for
infusion of glucose and insulin. Thirty minutes after
insertion of the catheters, a bolus injection of [*H-3]
glucose (254 uCikg™", 1 mCi ml~!; Amersham, Arlington
Heights, IL, USA) was given, followed by a continuous
infusion of 1.5uCi(kg)™! (min)~' throughout the
150 min study. At t+=0min, 30 min after the bolus
injection of [*H-3]glucose, and just before the initiation
of the clamp, a blood sample for determination of insulin

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

Postnatal growth and insulin resistance 825

and [*H-3]glucose was obtained. After a bolus injection
of insulin (100 Uml™' human Actrapid; Novo Nordisk,
Bagsveerd, Denmark), insulin was continuously infused
at a rate of 8mUkg ! min~'. A 20% glucose solution
in physiological saline was administered to maintain
plasma glucose concentration at 6 mmol1~!. Glucose was
measured in 10 ul blood samples at regular intervals
(every 5min during the first 40 min and then every
10 min). Blood samples were also obtained at 80 and
90 min for determination of insulin concentration and
[*H-3]glucose. The total blood volume withdrawn from
each animal was 1.5 ml. The mean glucose infusion rate
was calculated on the basis of values from the last 60 min
of the clamp. Glucose turnover rate was calculated from the
radioactivity of the [*H-3]glucose infusion (d.p.m. ul™")
times the glucose infusion rate (1] min™') divided by the
specific radioactivity of glucose (d.p.m. mg™') and body
weight (kg). Hepatic glucose production was calculated
by subtracting the glucose infusion rate from the glucose
turnover rate. In a separate series of experiments, rats
were subjected to a hyperglycaemic clamp, as previously
described (Terrettaz & Jeanrenaud, 1983; Nilsson et al.
1998), in order to determine the endogenous insulin
secretion. At completion of the clamps, the anaesthetized
animals were killed by decapitation, and parametrial,
retroperitoneal, mesenteric (constituting abdominal fat
depots) and inguinal adipose tissues were dissected out
and weighed.

Analytical methods

Plasma insulin concentrations were measured by enzyme-
linked immunosorbent assay (ELISA) (Mercordia,
Uppsala, Sweden). For samples obtained from the
euglycaemic—hyperinsulinaemic clamp, antibodies cross-
reacting with human insulin (Insulin ELISA; Mercordia)
were used, and for samples from the hyperglycaemic
clamp, rat anti-insulin antibodies (Rat insulin ELISA;
Mercordia) were used. The assay had a mean intra-assay
coefficient of variation (CV) of 2.8-4%, and mean
interassay CV was 2.6—3.6%. For estimation of endogenous
glucose production, the activity of plasma [*H-3]glucose
was determined. A liquid scintillation cocktail (Beckman
Counter, CA, USA) was added to samples prior
to analysis. The pradiation of each sample was
detected by a liquid scintillation counter (LKB Wallac,
Sweden). For determination of plasma FFA, cholesterol
and triglycerides, blood samples were collected in
EDTA-coated microvette tubes (Sarstedt AB, Niimbrecht,
Germany) centrifuged, and the plasma was frozen at
—20°C until analysis. Plasma FFA were analysed using a
NEFA C kit (Wako Chemicals, Neuss, Germany), and this
analysis had a mean intra-assay CV of 2.1%, and interassay
CV was 2.7%. Triglyceride levels were determined by
an enzymatic technique (Thermo Electron Corporation,
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Vantaa, Finland) and analyses were performed on a
Konelab 20 autoanalyser (Thermo Electron Corporation),
with an interassay coefficient of variation of 2.9%. RIA kits
were used to analyse serum IGF-1 (IGF-R20; Mediagnost,
Reutlingen, Germany) and leptin concentrations (RL-83K;
Linco Research, Hampshire, UK; with a mean intra-assay
CV of 2-4.6% and mean interassay CV of 3-5.7%).

Analysis of taurine plasma concentration by HPLC

In order to assess the effect of taurine supplementation
on maternal and fetal taurine concentrations, a separate
series of experiments was carried out in which
dams were anaesthetized at day22 of gestation using
125 mg (kg body weight) ! thiobutabarbital sodium, and
subsequently killed by decapitation. Fetal (mixed arterio-
venous blood after decapitation) and maternal blood
samples (cardiac puncture) were collected in heparinized
tubes, centrifuged at 500g¢ for 10 min at 4°C and stored
at —70°C. Plasma samples were deproteinized with 4 vols
methanol, incubated for 10 min at 4°C, and centrifuged
at 8000¢ for 5min. Amino acids were determined
using o-phtaldialdehyde derivatization and fluorescence
detection, essentially as described earlier (Lindroth, 1979;
Sandberg et al. 1986).

Statistical analysis

Analysis of variance was performed by ANOVA (Fischer’s
PLSD as post hoc test) or Mann-Whitney. Correlation
analysis was performed by simple regression. Only
significances of differences between experimental and
control groups (i.e. sham/taurine versus sham and IUGR/
taurine versus IUGR) and differences between IUGR versus
sham and IUGR/taurine versus sham are presented. All
results are presented as means = standard error of the
mean (s.E.Mm.). A Pvalue of 0.05 or less was considered
statistically significant. StatView statistics software (SAS
Institute, Inc.) for the Macintosh system was used for all
statistical calculations.

Results
Fetal and maternal plasma taurine concentrations

Taurine supplementation did not affect food or water
intake in dams (data not shown). Taurine supplementation
resulted in a marked elevation of maternal taurine
concentrations and a twofold increase in fetal plasma
taurine concentrations in both IUGR/taurine and
sham/taurine groups (Table2). Taurine concentrations
were approximately 30% lower in IUGR compared with
sham fetal plasma; however, this difference did not reach
statistical significance.
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Table 2. Concentration of taurine on day 22 of gestation in
maternal and fetal plasma

Group n Taurine (um)
Maternal
Sham 4 15.7+£4.0
Sham/taurine 3 55.8 4+ 4.8**
IUGR 3 13.6 +£ 2.0
IUGR/taurine 5 215.4 + 55.7*
Fetal
Sham 4 60.7 +£7.2
Sham/taurine 3 120.9 + 11.6%*
IUGR 3 43.6 = 4.6
UGR/taurine 4 97.9+12.1*
Fetal samples from each litter were pooled prior to
analysis; n=number of dams and litters. Values are

means + s.e.M. Statistical analysis was performed comparing
the taurine-supplemented group with its corresponding control
(i.e. sham/taurine versus sham and IUGR/taurine versus IUGR).
*P < 0.05 versus IUGR, **P < 0.01 versus sham (Mann-Whitney).

Animal weight and length development

Weight development for female offspring from birth
until 4 weeks of age, and from 5weeks until 12 weeks
of age, is shown in Fig. 1A and B, respectively, and the
corresponding data for males is given in Fig.2A and
B. At birth, the weight of female and male IUGR and
IUGR/taurine offspring were significantly lower than in
sham and sham/taurine groups. However, there were no
significant differences in birth weight between groups with
and without taurine supplementation. As early as week 1
in females (+17%) and week 4 in males (4+13%), body
weights of sham/taurine animals were significantly higher
than in sham groups, and sham/taurine animals remained
heavier throughout the study period. Both female and male
IUGR groups displayed significantly lower weights from
birth until 12 weeks of age compared with sham groups
(although not fully significant for females at 2 and 6 weeks
of age). Thus, IUGR offspring did not display complete
body weight catch-up growth at 12 weeks of age (Figs 1B
and 2B). Female IUGR/taurine offspring had a 7% mean
increase in body weight by 6 weeks of age as compared with
IUGR females, and they were significantly heavier (+11%)
than this group at 12 weeks of age. Male IUGR/taurine
offspring displayed an accelerated weight gain compared
with the IUGR group at 3—6 weeks of age, and remained
heavier than the IUGR males, although this apparent
difference failed to reach statistical significance at 12 weeks
of age (Fig. 2B). Studying the growth curves of individual
animals in the female and male [IUGR/taurine groups (data
not shown), it was apparent that whereas approximately
half of the animals showed no or only little catch-up
growth, the other half of the animals attained body weights
at 12 weeks of age that were similar or greater than the those
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of the sham groups. Typically, the catch-up growth started
5-7 week of age. In order to address whether animals with
different degrees of catch-up growth in the [UGR/taurine
groups differed in any of the variables measured in the
study, we subsequently used body weight at 12 weeks of
age as one of the variables in simple linear regression
analysis. Itis important to note that most animals showing
a particular postnatal growth pattern originated from
different litters. For example, there were six female and five
male IUGR/taurine animals displaying complete catch-up
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growth, and these animals originated from five (females)
and four (males) different litters.

Nose—anus length of female and male groups is shown
in Table3. At birth, nose—anus length in IUGR and
IUGR/taurine offspring was significantly lower than
in sham and sham/taurine groups. However, there
were no significant differences in nose—anus length
at birth between groups with and without taurine
supplementation. Female IUGR rats were significantly
shorter than sham rats at 1, 4 and 12 weeks of age.

1_
*
1_
e —O—5Sham (n=10)
—&— Sham/taurine (n=11)
= IUGR. (n=11)
—&— IUGR/taurine (n=12)
3 4

—C—Sham (n=10)
—&— Sham/taurine (n=11)
= IUGR (n=11)
—&— IUGR/taurine (n=12)

10 11 12

Figure 1. Body weight development in female offspring

A, body weight (g) development from birth (day 1) to 4 weeks of age in female sham, sham/taurine, (IUGR) and
IUGR/taurine groups. B, body weight (g) development from 5 to 12 weeks of age in female sham, sham/taurine,
IUGR and IUGR/taurine groups. Values are means =+ s.e.M. *P < 0.05 versus sham. 1P < 0.05 versus IUGR (ANOVA).
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Male IUGR group was significantly shorter at birth and
at week 1, but did not show any significant difference
as compared with the sham group at weeks2—4 or at
12 weeks of age. Further, female sham/taurine rats were
significantly longer than sham rats at week 1 until week 4
and at 12weeks of age. Male sham/taurine rats were
significantly longer than sham rats at week 1 until week 4,
but did not differ significantly from this group at 12 weeks
of age. Length of IUGR/taurine animals at 12 weeks of
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age was not significantly different from sham (Table 3),
and IUGR/taurine females were significantly longer that
TUGR female rats (Table 3). In the IUGR/taurine groups,
length at 12 weeks of age was significantly correlated to
weight at 12 weeks of age (females r = 0.84, P < 0.001; and
males r = 0.88, P < 0.001), demonstrating that the [UGR
animals responding to prenatal taurine supplementation
with postnatal catch-up in weight also caught up in
nose—anus length.

—0O—Sham (n=12)
—&8— Sham/taurine (n=11)
——IUGR (n=11)
—k— IUGR/taurine (n=12)

—0O—5Sham (n=12)
—8— Sham//taurine (n=11)
——IUGR {n=11)
—&k— IUGR/taurine (n=12)

11 12

Figure 2. Body weight development in male offspring

A, body weight (g) development from birth (day 1) to 4 weeks of age in male sham, sham/taurine, IUGR and
IUGR/taurine groups. B body weight (g) development from 5 to12 weeks of age in male sham, sham/taurine, IUGR
and IUGR/taurine groups. Values are means + s.e.M. *P < 0.05 versus sham. P < 0.05 versus IUGR (ANOVA).
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Table 3. Nose-anus length development from birth (day 1) until 12 weeks of age in female and male offspring

Nose-anus length (mm)

Group n Birth Week 1 Week 2 Week 3 Week 4 Week 12
Female offspring
Sham 10 50.4+0.5 67.4+0.8 80.6 £ 1.5 102.2+2.1 127.8+1.7 223 +1.7
Sham/taurine 11 49.3+0.3 76.7 £ 1.8*** 86.8 + 1.1** 109 £ 1.9 136.3 + 1.3*** 230.1 +£ 2.7*
IUGR 11 46.4+0.8*** 62.7+1.2* 794+13 983+ 1.1 122.2+1.8* 216.1 £ 2.7*
IUGR/taurine 12 45.5 +£0.4***  63.3+ 1.2* 83+1.6 103+23 1255+1.2 225.2 £+ 1.6}
Male offspring
Sham 12 50.3+0.5 66.2 + 0.6 82.6 +0.8 1004 +1.5 129.3+0.9 253.4+54
Sham/taurine 11 50.6 +0.4 69.7 + 0.8*** 87.9 £ 1.3*** 106.3+1.3* 134.2+1.5* 262.8 +£2.3
IUGR 11 46.4+0.7*** 623 +0.6** 83.0+1.4 100.4+2.8 127.4+25 252.1+2.6
IUGR/taurine 12 455+ 0.4%** 65.5+ 1.17 844+ 15 1006 +1.9 129.3+2.1 255.4+25

Values are means =+ s.e.M. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham; {P < 0.05 versus IUGR; n = number of offspring

(ANOVA).

Euglycaemic-hyperinsulinaemic
and hyperglycaemic clamp

In  the  euglycaemic-hyperinsulinaemic  clamp
experiments, female sham/taurine rats showed a
significantly lower glucose uptake compared with the
sham group, indicating insulin resistance (sham 17.8 £
1.3mgkg ! min~!, n=10, and sham/taurine 14.0 &
0.6 mgkg™' min~!, n=11, P <0.01). Insulin sensitivity
was not significantly altered in female TUGR (16.1 +
1.4 mgkg™! min~') orin the IUGR/taurine group (16.2 £
1.5mgkg ' min~!) as compared with sham. No
significant differences in glucose uptake were found
between male groups (sham 13.8 + 1.0 mgkg ! min~!,
sham/taurine 12.3 +1.0 mgkg™' min~!, IUGR 12.9+
1.3 mgkg™! min~?, IUGR/taurine 14.8 +
1.5mgkg ' min~'). However, in the IUGR/taurine
groups the glucose infusion rate was inversely correlated
to weight at 12 weeks of age in both females (r = 0.66,
P < 0.05, Fig. 3A) and males (r = 0.80, P < 0.01, Fig. 3B),
suggesting that catch-up growth is associated with
insulin resistance. At clamp, the plasma glucose during
steady state was held at approximately 6 mmoll™'.
The mean plasma levels of insulin at steady-state
were not significantly different between experimental
groups (female sham, 257 11 mU1™!; sham/taurine,
240 £20 mU 1" TUGR, 244 £+ 16 mU 1I7'; IUGR/taurine,
262+ 18 mU1™"; male sham, 253 4+ 10mU1™'; sham/
taurine, 245 + 15 mU 17, TUGR, 242 + 22 mU 1"}, TUGR/
taurine, 258 £19mUI1™!). Values for the hepatic
glucose production were obtained from the
euglycaemic—hyperinsulinaemic clamp. No differences
were found between female or male experimental groups
(data not shown). Further, there were no significant
differences between groups in endogenous insulin
response measured during the hyperglycaemic clamp
(data not shown).
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Fat depots

Parametrial and retroperitoneal fat depots (which together
with mesenteric fat constitute abdominal fat depots)
were significantly larger in female sham/taurine group
compared with the sham group at 12 weeks of age (Table 4).
Male sham/taurine rats displayed a significant increase
in epididymal fat compared with sham rats (Table 4).
No differences were found in inguinal (subcutaneous
fat depot) or mesenteric fat in female or male groups
(data not shown). The weights of parametrial/epididymal
and retroperitoneal fat depots were not significantly
differentin [UGR/taurine animals as compared with IUGR
groups (Table4). However, parametrial fat pad weight
(g body weight) was positively correlated to adult body
weight in IUGR/taurine females (r = 0.73, P < 0.01) and
epididymal fat pad weight was positively correlated to
body weight at 12 weeks in IUGR/taurine males (r = 0.86,
P < 0.001), indicating that catch-up growth was associated
with increased abdominal fat deposition.

Lipid metabolism, leptin and IGF-1

Plasma concentrations of FFA were significantly higher
in female sham/taurine group compared with the sham
group (1.07 +0.1 and 0.75 % 0.1 mmol 1™, respectively,
P <0.05, n=38). In contrast, circulating levels of FFA
were not significantly different in the other study
groups or between male groups (data not shown).
No differences were observed in plasma cholesterol,
triglycerides or serum IGF-1 between the experimental
groups (data not shown). In females, serum leptin
levels were significantly increased in the sham/taurine
group (2.17+0.40ngml™!, P <0.05, n=28) and the
IUGR/taurine group (2.27£0.80ngml™', n=28) as
compared with the sham group (1.16 £0.19 ngml™!,
n=29). Although serum leptin concentrations in
IUGR/taurine females did not differ significantly from
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IUGR females (2.70 & 1.50 ng ml™!, n = 11), serum leptin
was positively correlated to body weight at 12 weeks
of age in this group (r=0.74, P <0.01). Serum
leptin concentrations did not differ significantly in
males (sham, 3.0+0.8ngml™'; sham/taurine, 3.8 +
1.7ngml™'; TUGR, 4.1+1.0ngml™'; IUGR/taurine,
3.4+ 0.7 ngml™"). In male [UGR/taurine animals, serum
leptin was not significantly correlated to body weight at
12 weeks of age (data not shown).

Discussion

Two important novel findings are reported in this work.
First, taurine supplementation in late gestation results
in accelerated postnatal weight and length development,
especially in female offspring. Second, an increased post-
natal growth rate is associated with adult abdominal
obesity and insulin resistance, both in IUGR animals
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displaying catch-up growth, and in offspring with normal
birth weight.

The association between low birth weight and increased
risk of developing insulin resistance in adulthood has
been the subject of numerous epidemiological studies
(Hales et al. 1991; Phipps et al. 1993). This hypothesis has
been further supported by animal studies using different
experimental models of TUGR (Nyirenda et al. 1998;
Ozanne et al. 2005). We employed bilateral uterine artery
ligation, a model in which a reduced placental blood flow
and transport of nutrients to the fetus results in [IUGR with
characteristics similar to the majority of clinical cases of
TIUGR seen in Western countries (Bernstein, 1996).

In the present study, taurine supplementation to
the dams increased fetal plasma taurine concentrations
twofold and had marked effects on postnatal growth in
the offspring. At birth, no weight difference was found
between taurine-supplemented and unsupplemented

P< 0.05
r=0.66
n= 12 offspring
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Figure 3. Glucose infusion rate inversely correlates to weight in IUGR/taurine offspring

A, correlation between body weight at 12 weeks of age (g) and glucose infusion rate (mg kg=' min~—"), P < 0.05,
r=0.66 (n=12) in IUGR/taurine female offspring (simple regression). B, correlation between body weight at
12 weeks of age (g) and glucose infusion rate (mg kg=" min~"), P < 0.05, r = 0.80 (n = 12) in IUGR/taurine male

offspring (simple regression).

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



J Physiol 579.3

Table 4. Weights of parametrial/epididymal and retroperitoneal
fat depots in offspring at 12 weeks of age

Adipose tissue (g (kg body weight)~")

Group n  Parametrial/epididymal Retroperitoneal

Female offspring

Sham 10 14.7 £ 0.8 16.9+1
Sham/taurine 11 23.7 £ 1.6*** 24.4 + 2.3**
IUGR 11 184+ 1.8 193+ 1.8
IUGR/taurine 12 186+ 1.4 205+1.4
Male offspring

Sham 12 16.5+ 1.2 203+1.4
Sham/taurine 11 20.9 +0.9* 23.0+1.3
IUGR 1 17.8+1.3 214+1.5
IUGR/taurine 12 18.1+1.4 23.2+1.6

Parametrial and epididymal fat depots were measured in female
and male offspring, respectively. Values are means &+ s.e.m.
*P < 0.05, **P <0.01, ***P < 0.001 versus sham; n=number of
offspring (ANOVA).

offspring. However, as early as week 1 for females and
week 4 for males, animals in sham/taurine groups were
significantly heavier than controls and body weight
remained elevated (by 14% for females and 13% for males)
at 12 weeks of age. Interestingly, a subgroup of IUGR
offspring of dams receiving taurine supplementation
in late gestation showed complete catch-up growth, in
contrast to JTUGR animals. The effect of prenatal taurine
supplementation was not restricted to increased body
weight since sham/taurine animals also were significantly
longer. Further, [UGR/taurine rats displaying catch-up
growth in weight also demonstrated catch-up in length
at 12 weeks of age. These findings are compatible with
an important role for fetal taurine levels in determining
growth after birth. To the best of our knowledge, this
is the first report demonstrating a stimulation of post-
natal growth by prenatal taurine supplementation. The
effect of maternal taurine supplementation on beta-cell
function in the 12-week-old offspring was recently studied
in dams fed either a control or low-protein diet (Merezak
et al. 2004), and no postnatal growth stimulating effect of
taurine supplementation was observed. These differences
may be due to the markedly different protocols used for
taurine supplementation, which was given throughout
pregnancy and lactation in the study of Merezak and
coworkers (Merezak et al. 2004), but only during the last
5 days of pregnancyin the current study. Breast milk during
the initial stage of lactation, and in particular colostrum,
contains high amounts of taurine. Interestingly, rat pups
suckling breast milk with reduced concentrations of
taurine for the first 5 postnatal days exhibit a slower
growth during the first 3 weeks of life (Hu et al. 2000),
demonstrating a link between early postnatal taurine
availability and growth.

The reason why some of the [UGR/taurine offspring
catch-up in weight and others do not is unclear. It is
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unlikely that the pattern of postnatal growth, i.e. catch-up
growth or not, was determined primarily by the dam
since the majority of the offspring displaying a particular
pattern of growth originated from different litters. We
speculate that genetic differences between littermates, as
well as between offspring of different litters, may be
responsible for the different ability to catch-up in weight
postnatally. Also, even offspring in the same litter will be
subjected to differences in the intrauterine environment,
where, for example, different positions in the uterine
horn are associated with varying placental blood flow and
transport, which may confer differences in the postnatal
growth trajectory. Finally, littermates may exhibit distinct
behaviour, which may have consequences for the ability
to obtain milk during lactation, which can determine the
postnatal growth trajectory.

The mechanisms by which taurine supplementation late
in gestation programme the fetus and increase postnatal
growth remain to be established. Since the stimulating
effect on postnatal growth was evident also for length
development, prenatal taurine supplementation may have
an effect on GH/IGF-1 axis, the primary endocrine
determinant for postnatal longitudinal growth. Indeed,
taurine has been shown to stimulate GH secretion in rats
(Tkuyama ef al. 1988) and in the human (Mantovani &
DeVivo, 1979), and the decreased postnatal growth rate in
response to low milk taurine levels in the rat is associated
with decreased serum levels of IGF-I (Hu et al. 2000). No
significant differences were found in plasma IGF-1 levels
between the experimental groups in our study at 10 weeks
of age; however, it is possible that offspring supplemented
with taurine in late gestation had higher IGF-1 levels earlier
during postnatal development.

Several epidemiological studies have shown an
association between obesity, especially increased
abdominal fat, and insulin resistance (Bosello &

Zamboni, 2000). In our study, the female sham/taurine
group and IUGR/taurine animals showing catch-up
growth displayed increased fat depots and insulin
resistance, which is consistent with this association.
Further, we found increased plasma concentrations of
FFA in the female sham/taurine group compared with
the sham group. Thus, female sham/taurine offspring
had an increased postnatal growth rate and displayed
three of the key components of the metabolic syndrome
(Alberti ef al. 2006) at 12 weeks of age. The mechanisms
underlying the insulin resistance in female sham/taurine
and IUGR/taurine animals with catch-up growth remain
to be fully established, but may be related to the increased
levels of plasma FFA and leptin, alterations that are
well established to be associated with insulin resistance
(Randle, 1998; Wannamethee et al. 2006).

Few experimental studies have specifically addressed
the role of postnatal growth rate after IUGR and the
risk of developing disease later in life. The impact of
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early catch-up growth on adult obesity has recently
been examined in a rat model of IUGR induced by
maternal food restriction (Desai et al. 2005). In that
study, growth-restricted offspring cross fostered to normal
lactating dams exhibited rapid postnatal growth, increased
body weight and percentage body fat in adult life. These
results correspond well to our study where rats with high
postnatal growth rates possessed significantly larger fat
depots. It may be argued that it is taurine supplementation
per se, rather than rapid postnatal growth, that causes
insulin resistance and increased fat depots in the female
sham/taurine and in IUGR/taurine animals showing
catch-up growth. However, [IUGR/taurine animals that did
not display catch-up growth had normal insulin sensitivity
and fat depots. These findings support the interpretation
that it is the accelerated postnatal growth, rather than the
taurine supplementation per se, that may be important for
the development of insulin resistance and obesity.

In a previous study, we induced IUGR by uterine artery
ligation at gestation day 18 in rat pregnancy, and measured
plasma glucose and insulin concentrations prior to and
during an intravenous glucose load in the offspring at
12 weeks of age in the awake animal (Jansson & Lambert,
1999). We found that ITUGR females, but not males, showed
signs of insulin resistance and dysregulation of insulin
secretion. However, in the present study when using more
advanced clamp techniques to assess insulin secretion and
insulin sensitivity in the anaesthetized animal, adult IUGR
rats did not differ from control rats. The reasons for this
discrepancy in outcome in these two studies from the
same laboratory are intriguing but may be due to slight
differences in the timing of uterine artery ligation (1 day
difference) or be related to the different methodology used
to assess insulin sensitivity. Furthermore, Simmons and
coworkers have reported that IUGR offspring following
uterine artery ligation were obese and insulin resistant at
12 weeks of age (Simmons et al. 2001). Again, the different
results between our current study and the report of
Simmons et al. may be methodological, but it is interesting
to note that TIUGR offspring in the Simmons study showed
catch-up growth, indirectly supporting the importance of
rapid postnatal growth in the association between IUGR
and later type 2 diabetes.

In summary, our findings demonstrate that taurine
supplementation in late gestation causes accelerated post-
natal growth, which results in adult obesity, as evidenced by
increased fat depots and insulin resistance, both in ITUGR
and normal offspring. This effect was particularly evident
in females. We propose that the insulin resistance is related
to the increased levels of plasma FFA and leptin. Once
the mechanisms underlying the programming effects of
fetal taurine availability have been identified in animal
models, they can be compared with analogous processes
in humans. This knowledge will be important in efforts to

J Physiol 579.3

design effective perinatal interventions to prevent obesity
and type 2 diabetes.
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