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Abstract

Objective—Postnatal calorie and growth restriction (PNGR) in the first generation (F1) rat
female offspring causes a lean and glucose tolerant phenotype associated with hypoinsulinemia
and reduced glucose-stimulated insulin secretion (GSIS). Despite the absence of gestational
hyperglycemia in the F1 PNGR female, naturally born second generation (F2) PNGR female adult
offspring reportedly exhibit obesity, hyperglycemia with insulin resistance. The objective of this
study was to determine the role of the intrauterine environment on the heritability of the trans-
generational phenotypic expression in the F2 PNGR female adult offspring.

Materials/Methods—We performed embryo transfer (ET) of the F2 embryos from the
procreating F1 pregnant PNGR or control (CON) females to gestate in control recipient rat
mothers. Employing stable isotopes glucose metabolic kinetics was determined.
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Results—Birth weight, postnatal growth pattern and white adipose tissue in female F2 ET-
PNGR were similar to ET-CON. Similarly, no differences in basal glucose and insulin
concentrations, GSIS, glucose futile cycling and glucose clearance were seen. When compared to
F2 ET-CON, F2 ET-PNGR showed no overall difference in glucose or hepatic glucose production
(HGP) AUCs with minimal hyperglycemia (p<0.04) as a result of unsuppressed endogenous HGP
(p<0.02) observed only during the first phase of IVGTT.

Conclusions—We conclude that the lean, glucose tolerant and hypoinsulinemic phenotype with
reduced GSIS in the F1 generation is near normalized when the embryo-transferred F2 offspring
gestates in a normal metabolic environment. This observation supports a role for the intra-uterine
environment in modifying the heritability of the trans-generational PNGR phenotype.
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Postnatal growth; Embryo Transfer; Glucose stimulated insulin release; Glucose tolerance

Introduction

There is accumulating evidence about the epidemiological link between low birth weight
and adult onset chronic diseases including diabetes mellitus (1, 2). More recently the focus
has shifted to the postnatal period of development. Particularly postnatal growth rate and its
impact on the adult phenotype have been examined (3-5). When an infant born with a low
birth weight exhibits a slow postnatal growth rate between 0-2 years of age, and an
exponential growth rate thereafter, an increased propensity towards developing diabetes
mellitus and cardiovascular disease was evident in both men and women of the first
generation (5-7). The effect of postnatal slow growth rate on the phenotype of the next
generation in the human has not yet been systematically studied.

Studies emerging from the outcome of the second generation offspring born to the in-utero
survivors of the Dutch Famine show no effect on birth weight and development of
cardiovascular disease or metabolic outcome. However a reduction in birth length along
with acquisition of neonatal adiposity and poorer subsequent health suggestive of the
emergence of chronic diseases was observed (8). In keeping with this epidemiological
report, many animal studies creating intra-uterine growth restriction (IUGR) suggest a role
for both heritability and the intra-uterine environment in shaping the phenotype of the next
generation (9-13). In contrast, very few investigations exist that describe the
transgenerational effect of postnatal growth restriction. Pinheiro et al engaged a nutrient
restricted rat model of postnatal growth restriction and demonstrated hyperglycemia and
insulin resistance in six month old F2 females born naturally to small but glucose tolerant
postnatally growth restricted (PNGR) F1 rat mothers (14).

Unlike IUGR, postnatal growth restriction accomplished by nutrient restriction, whether
protein or calories, imposed only during the suckling phase of the F1 offspring is
metabolically protective. Our previous investigation employing caloric restriction during the
suckling phase in rats has revealed an F1 pre-gestational female offspring that is lean, and
glucose tolerant while being hypoinsulinemic with a reduced ability to produce insulin in
response to a glucose challenge (15). Most notably, these F1 females were observed to be
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insulin sensitive with no major advantage when subjected to either insulin sensitizers or
exercise (16, 17). In fact when superimposed on the IUGR F1 offspring, the PNGR
metabolic state is protective against obesity and hepatic insulin resistance (15).

During gestation, the F1 PNGR offspring is glucose tolerant and does not exhibit any overt
metabolic aberrations (15). Hence the mechanism behind the F2 offspring naturally born to a
mother exposed to postnatal growth restriction becoming hyperglycemic and insulin
resistant remains unclear (14). Instead one would expect the transgenerational persistence of
a lean, hypoinsulinemic and insulin sensitive phenotype in the F2 offspring if purely related
to heritability. In contrast, since the naturally born F2 offspring of a PNGR female showed a
hyperglycemic and insulin resistant phenotype (14), it appears that the intra-uterine
environment created by the F1 mother for the F2 progeny must modify heritability.

Thus despite exhibition of glucose tolerance by the F1 PNGR rat mother during pre-
gestation and gestation, intermittent episodes of postprandial hyperglycemia that escape
detection with a single glucose measurement or a glucose tolerance test is feasible in the
presence of hypoinsulinemia (11, 18, 19). This cryptic presence of episodic postprandial
hyperglycemia in the pregnant F1 PNGR female may be responsible for this previously
reported F2 metabolic phenotype (14).

Based on this information, we hypothesized that normalizing this cryptically abnormal intra-
uterine environment offered by the hypoinsulinemic F1 PNGR female to the F2 progeny
should ameliorate hyperglycemia and insulin resistance in the F2 offspring of the PNGR
female adult. We tested this hypothesis by undertaking embryo transfer (ET) experiments
and determined a role for the intra-uterine environment in shaping the heritability of the
metabolic phenotype of the F2 offspring procreated by the hypoinsulinemic PNGR
biological mother.

Research Design and Methods

Animals

Sprague-Dawley rats (7-8 weeks old; 200-250g) (Charles River Laboratories, Hollister,
CA) were housed in individual cages, exposed to 12h light/dark cycles at 21-23°C, and
allowed ad lib access to standard rat chow (composition carbohydrate 63.9%, fat 4.5%,
protein 14.5%, balance fiber and ash). The National Institutes of Health guidelines were
followed as approved by the Animal Research Committee of the University of California,
Los Angeles.

Post-natal nutrient restriction (PNGR)

Pregnant rats (FO) received ad lib food and water during gestation. At birth, the litter size
was culled to six. The F1 newborn rats were reared by calorie restricted mothers that
received 50% of daily food intake through lactation alone (PN1 to PN21; 20 g/day) (15).
The F1 control pups born to control mothers were reared by control mothers with ad lib
access to rat chow during lactation (Fig. 1A and B).
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Experimental Groups

Ovulation

Two groups of F1 donor animals were created: 1) control pups (six/litter) born to control
mothers that were postnatally reared by control mothers (CON) and 2) control pups (six/
litter) born to control mothers that were reared by calorie restricted mothers (PNGR) (Figure
1A). On day 21, female pups from these two groups were weaned from their respective
mothers and maintained as two animals per cage with ad libitum access to a standard rat
chow diet until either 2 months (mo) of age to serve as the F1 donor animals (Fig. 1B) or 15
mo of age (Fig. 1A) for comparative characterization of glucose metabolism/kinetics in the
F1 female generation belonging to either the PNGR or CON groups.

The 2 mo old F1 CON and F1 PNGR female donor animals received intra-peritoneal (IP) 40
ug GnRH (Sigma L4513) and were mated with control males on the fourth evening.
Simultaneously matings were performed between another set of recipient control females
and vasectomized males and both pregnancy and pseudo-pregnancy was confirmed by the
presence of a vaginal plug the following morning (11).

Collection of eggs

Under inhalational 2.5% isoflurane anesthesia, the abdominal area of donor females from
two experimental groups was cleaned and prepped taking sterile precautions to remove and
transfer oviducts and the uterus into a 35 mm Petri dish containing M2 medium (M2-
MR-051-F:M2 w/Hyaluronidase, specialty media, Chemicon International, Temecula, CA)
at room temperature. The oviduct was cut open and eggs surrounded by cumulus cells were
flushed out into M2 medium with hyaluronidase (M2 w/Hyaluronidase, specialty media,
Chemicon International, Temecula, CA). Fertilized oocytes were collected and maintained
in M16 (5.55 mM glucose, specialty media, Chemicon International, Temecula, CA) micro
drop cultures at 37°C for less than two hours (range 1-2 h) until embryo transfer was
performed (11).

Embryo transfer procedure

The recipient pseudo-pregnant control rats were anesthetized by receiving intraperitoneal
ketamine HCI (50 mg/kg), acepromazine maleate (1 mg/kg) and xylazine (4.8 mg/kg).
Providing standard eye care, aseptic and isothermal conditions, the oviduct was exposed and
12h old pooled embryos (30-40) were transferred into the oviduct by inserting the transfer
pipette into the ampular opening (11). The abdominal muscle and subcutaneous tissues were
approximated with absorbable sutures and the incision closed with wound clips that were
removed after 7-10 days. Animals were monitored closely until full recovery from
anesthesia and surgery (11).

Postnatal care of embryo-transferred animals

Pregnant recipient females were allowed to deliver. Each litter size was culled to six pups to
mimic that of F1 donor mothers. These pups were reared by a non-manipulated CON mother
to maintain consistent postnatal nutrition. Post-weaning the offspring had ad lib access to the
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standard laboratory rat chow and water and the F2 females were examined at 15 mo of age
(Fig. 1B) to match the F1 female counterpart (Fig. 1A).

Intravenous glucose tolerance test (IVGTT)

Fifteen mo old awake adult female animals received 1 g/kg body weight of a 1:1 mixture of
[2-2H] and [6, 6-2H,] glucose (Cambridge Isotope Laboratories, Andover, MA, >98% pure)
via surgically placed jugular venous catheters (15). Serial blood samples (500 pL) were
obtained for assessment of hormones, glucose concentrations, and isotopomer enrichment.

Insulin tolerance test (ITT)

Fifteen month old awake adult female rats received 0.75 U/kg of human insulin via the
jugular venous catheter and blood was obtained at 0, 15, 30 and 60 min subsequently to
measure glucose concentrations (11).

Body and organ weights

After measuring body weight, the animals were anesthetized by inhalation of isoflurane and
organs/tissues (brain, heart, liver, kidneys, white adipose tissue and brown adipose tissue)
were removed and weighed individually.

Plasma assays

Plasma glucose was measured by the glucose oxidase method (Sigma Diagnostics, St. Louis,
Mo.; sensitivity = 0.1 mM). Insulin and leptin were quantified by enzyme linked immuno-
absorbent assays (ELISA) using rat standards and anti-rat insulin or leptin antibodies (Linco
Research Inc., St. Charles, Mo; sensitivity: insulin = 0.2 ng/ml, leptin = 0.04 ng/ml).
Corticosterone was quantified using a radio-immunoassay and an anti-rat corticosterone
antibody (Coat-A-count, Diagnostic Products Corporation, Los Angeles, CA; sensitivity
~5.7 ng/ml with apparent concentration at 95% B/Bo). To convert corticosterone ng/ml to
System International (SI) units (nmol/L) all values were multiplied by 2.886. Glucose
concentrations were converted to SI by multiplying with 0.055, insulin values were divided
by 5.825 and leptin values multiplied by 1.0. The inter-and intra-assay coefficient of
variation for insulin and leptin concentrations was 6.48+0.84%. HOMA-IR (homeostasis
model of assessment) was used as a measure of insulin resistance and was calculated using
the formula: [fasting glucose (mmol/l) x fasting insulin (uU/ml)]/22.5.

Gas chromatography/mass spectrometry (GC/MS) analysis

Glucose was analyzed by GC/MS as previously described (15, 20, 21). All isotopomeric
determinations were performed using a Hewlett-Packard gas chromatograph (model 6890)
connected to a Mass Selective Detector (model 5973A, Hewlett-Packard, Palo Alto, CA).
Electron impact ionization was used to characterize glucose positional isotopomers of
[6,6-2H,] glucose at m/z 187 for C3-C6 and of [2-2H] glucose at m/z 242 for C1-C4
fragments (22, 23).
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Analysis and interpretation of IVGTT

Mass isotopomer distribution was determined using the method of Lee et al (22). The
disappearance of the two isotopes, [2-2H]- and [6,6-2H,]-glucose was determined for the M1
label of [2-2H]-glucose and the M2 label of [6,6-2H,]-glucose (15, 22, 23). Results of the
mass isotopomers in glucose (enrichment of glucose isotopomers) are reported as molar
fractions of M0, M1, M2, etc. according to the number of labeled carbons or hydrogen in the
molecule (15, 16). The sum of all isotopomers of the glucose molecules, Y Mi fori=0ton
(n = 6 for glucose) and is equal to 1 or 100%. Timed plasma M1 or M2 ([2-2H]- or
[6,6-2H-]-glucose) enrichment was plotted on semilog plots. The rate of tracer
disappearance was analyzed by a one-exponential model to determine the fractional
clearance of glucose (KM1 and KM2).

M2 represents the rate of disappearance or total glucose clearance or glucose disposal. The
difference between the disappearance rates of M1 and M2 was used as a measure of futile
cycling or recycling (i.e. glucose to glucose-6-phosphate and back) (15, 16, 23, 24).

MO glucose is unlabeled glucose that is generated by the liver via glycogenolysis from
unlabeled glycogen or gluconeogenesis from unlabeled substrates. During IVGTT,
unsuppressed endogenous hepatic glucose production was derived from the increase in
unlabeled glucose concentration “MO” which was assessed by subtracting the labeled
glucose fraction from total glucose concentration (15).

Statistical analysis

Results

All data are expressed as mean + SE. The data were tested and passed the test for normal
distribution. Two-way analysis of variance was used to compare the effect of embryo
transfer (ET) between groups from F1 and F2 generations. Once significance was observed,
inter-group differences were determined by the all pair wise multiple comparisons by Holm-
Sidak method. When only two groups were compared, Student’s t-test was employed.
Significance was assigned when p values were <0.05.

Phenotype - Body, organ weights and baseline glucose and hormonal profile

The F2 embryo transfer PNGR body weight, nose tail length or organ weights were not
different from that of the F2 embryo transfer CON 15 mo old female rats (Table 1). This is
in contrast to the F1 PNGR that was significantly lighter (p<0.03) with decreased white
adipose tissue (p<0.05) (WAT) when compared to sex- and age-matched F1 CON. Thus, the
lower WAT mass of the age matched F1 PNGR was normalized in the F2 embryo transfer
PNGR group. However, both F2 embryo transfer CON (sham) and F2 embryo transfer
PNGR displayed similar body weight, liver, heart and brain weights when compared to the
F1 CON group but body weight, WAT and heart weight were higher than the F1 PNGR
group (Table 1).

The weight gain from birth to 15 mo of age and body weight at 15 months (Figure 1C) in the
F2 embryo transfer PNGR females was similar to F2 embryo transfer CON females. In
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contrast, the age matched F1 PNGR weighed significantly less (p<0.03) than the F1 CON at
21 days and 15 months of age as shown in the inset of figure 1C. There was no difference in
fasting plasma glucose, leptin and corticosterone concentrations between the previously
reported F2 embryo transfer CON (11) and F2 embryo transfer PNGR groups (Table 2).
HOMA-IR trended on the lower side in F2 embryo transfer PNGR versus the F2 embryo
transfer CON (11) ; however was not statistically significant (Table 2). This observation is
in contrast to significantly, hypoinsulinemic and hypoglycemic age-matched F1 PNGR with
lower HOMA-IR compared to F1 CON and a trend towards a lower plasma leptin
concentration that did not achieve statistical significance. Thus the circulating plasma
insulin and glucose concentration in 15 mo old F2 embryo transfer PNGR normalized
whereas, the age matched F1 PNGR was significantly, hypoinsulinemic (p<0.05) and
hypoglycemic (p<0.05) versus their respective sex-matched CON counterparts as reported
previously (11,15).

IVGTT and hormonal adaptations during IVGTT

After a rapid intravenous glucose challenge (1 g/kg body weight of 20% glucose solution),
unlike the F1 PNGR, the F2 embryo transfer PNGR group was mildly hyperglycemic at 5
and 15 minutes when compared to the F2 embryo transfer CON group (p<0.03 and p<0.05
respectively, Figure 2A). This increase in glucose concentrations was not reflected in the
first phase glucose AUC in the F2 embryo transfer PNGR that was not different from the F2
embryo transfer CON (Figure 2B). This was similar to the F1 PNGR first phase glucose
AUC which was also not different from that of F1 CON. Additionally, no change in total
glucose AUC was noted in either the F2 embryo transfer or F1 PNGR groups versus their
respective controls (Figure 2B). The early and late glucose-induced insulin secretion (GSIS)
in F2 embryo transfer PNGR assessed by plasma insulin measurements at 5, 15, 30, 60 and
120 minutes after a glucose challenge was similar to that of the F2-CON with no change in
the total or first phase GSIS AUC (Figure 2C and 2D). The GSIS in F2 embryo transfer
PNGR that was similar to F2 embryo transfer CON contrasted that of the age matched F1
PNGR that exhibited significant hypoinsulinemia at baseline (p<0.02), 15 and 30 minutes
(p<0.02 and p<0.03 respectively) following the glucose challenge (Figure 2C inset). This
resulted in a significantly lower first phase GSIS AUC compared to that of F2 embryo
transfer PNGR (p<0.05) (Figure 2D inset) (11,15).

Glucose metabolic adaptation

During IVGTT the suppression of endogenous hepatic glucose production (HGP) was
measured. The F2 embryo transfer PNGR group showed significant increase in
unsuppressed endogenous HGP at 5 (p<0.02) and 15 minutes (p<0.03) reflecting the mild
hyperglycemia seen during IVGTT (Figure 2A). In contrast, the endogenous HGP in age
matched F1 PNGR was similar to that of F1 CON reflecting the observed glucose tolerance
(Fig 2A, inset). This unsuppressed HGP of F2 embryo transfer PNGR noted only during the
first phase and not the total IVGTT, translated into an increase in endogenous HGP AUC
when compared to F2 embryo transfer CON (p<0.02) (Figure 3B). Similar to the F1 groups,
there was no change in glucose clearance, glucose futile cycling or percent recycling
between the two F2 embryo transfer groups (Table 3) (11,15).
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Insulin tolerance test

The plasma glucose concentrations measured at 15, 30 and 60 minutes in F2 embryo transfer
PNGR group was similar to the F2 embryo transfer CON (Figure 4A and 4B). Both groups
returned to the baseline plasma glucose concentration sixty minutes after the insulin
challenge (11,15). Similarly, there was no change in response to an insulin challenge in both
the F1 groups (15).

Discussion

Our present study reveals that the phenotype of a small, lean, hypoglycemic and
hypoinsulinemic pregestational female F1 generation is not completely translated into the F2
female offspring when the F2 embryos are exposed to a control intra-uterine environment.
Instead the F2 embryo transfer PNGR revealed a near normal phenotype with adequate
adipose tissue stores and remnants of unsuppressed first phase hepatic glucose output
contributing towards early phase mild hyperglycemia, with no overall change in total hepatic
glucose output or glucose tolerance. This mild feature of no clinical consequence may be a
result of a tendency towards reduced basal insulin concentrations which was however not
evident in glucose stimulated insulin secretion (GSIS).

Unlike our present novel observations, when the F2 embryos are exposed to an F1 protein
restricted PNGR intra-uterine environment as occurs in the naturally born rat offspring, the
adult outcome of the F2 female offspring projects obesity, hyperglycemia and insulin
resistance (14). The litter size was maintained at 6/litter in both the protein restricted PNGR
F1 and naturally born F2 generations akin to our present study. Unlike the small but
euglycemic, normoinsulinemic and normoleptinemic F1 females, the F2 PNGR females at 6
months of age were no different in body weight and nose to tail length but expressed
increased fat mass, circulating glucose, HOMA-IR and leptin with a tendency towards
hyperinsulinemia (14). This previous observation supports the premise that the F1 female
intra-uterine environment sets the stage for the F2 female embryo to develop adult onset
obesity, hyperglycemia and insulin resistance (14).

In addition to the intra-uterine environment, the postnatal suckling phase of development
also plays a major role. Thus in a separate study of protein restriction during lactation in FO
rat mothers, when the litter size in both the F1 and naturally born F2 PNGR (CR) rat
generations was maintained at 12/litter, while no change in body weight was evident in the
F2 female offspring both at 110 and 270 days of life, the insulin sensitive state reflected by
lower circulating insulin concentrations was maintained reflecting that of the F1 females
(25). However a glucose tolerance test at 110 days of life yielded basal euglycemia, glucose
tolerance, normal glucose induced insulin concentrations and insulin:glucose ratio AUC in
the female F2 offspring (25). Hence this increased litter size led to additional nutritional
stress only during the postnatal suckling period in both the F1 and F2 generations
compounding the effects of a protein restricted diet during the suckling phase. Hence this
study yielded an insulin sensitive state in the naturally born PNGR F2 female offspring that
were themselves also subjected to nutritional restriction during the suckling phase by
maintaining 12 pups/litter in this generation as well. In contrast, in our present study we
were careful to ensure that the postnatal nutrition of F2 PNGR group was no different from
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that of the F2 CON group and the average litter size of 6 between the F1 and F2 generations
were similar, having no independent effect. This made sure that any phenotypic changes
noted in the F2 offspring were related to the change in the F1 intra-uterine environment
alone and not related to any postnatal nutritional or litter size changes.

Our previous studies consisting of calorie restriction during the postnatal suckling phase of
the F1 generation revealed small, lean, euglycemic, hypoinsulinemic females with no
change in GSIS or other glucose kinetic parameters (15). This is in keeping with the
observation that the p-cell fractional area and weight-adjusted p-cell mass in PNGR F1
females was approximately 30% higher than in control rats (26). Other previous
investigations have demonstrated that any stress placed on this finely balanced metabolic
adaptation in the hypoinsulinemic F1 PNGR female precipitates glucose intolerance.
Examples include imposition of stress by repeated tail vein punctures (27) or a chronic but
moderate exercise regimen (16) on the F1 female PNGR caused glucose intolerance.
Therefore, it is possible that intermittent episodes of postprandial hyperglycemia during
pregnancy may set the stage for adaptive changes responsible for the adult phenotype in the
naturally born F2 PNGR female offspring as previously reported (14). While the effect of
calorie restriction during the lactating period of the FO generation was examined carefully in
the F1 females, the impact on the F2 generation was not systematically examined. However,
there is no reason to believe that the naturally born F2 PNGR phenotype would be any
different from that previously described in the protein restricted naturally born F2 PNGR
(CR) female phenotype of obesity, hyperglycemia and insulin resistance (20).

In contrast to the findings of these previous studies that define the phenotype of naturally
born F2 generation, in our present study of calorie restriction during lactation with a litter
size of 6/litter in both generations, we by-passed the F1 PNGR intra-uterine environment
that may be punctuated with intermittent episodic post-prandial hyperglycemia, by
transferring the embryos procreated by the F1 PNGR females into a control maternal
environment. Upon this manipulation, the F2 embryo transfer PNGR female offspring failed
to demonstrate obesity, hyperglycemia, hyperinsulinemia, hyperleptinemia or insulin
resistance. In addition our systematic investigation of glucose kinetics using stable isotopes
revealed no changes even in GSIS, HOMA-IR, glucose clearance and glucose cycling.
While overall the F2 embryo transfer PNGR was glucose tolerant with no change in the
hepatic glucose production, a first phase increase in HGP reflecting mild glucose intolerance
with a tendency towards reduced GSIS and HOMA-IR compared to the sham F2 embryo
transfer CON group, suggests the remnant presence of the hypoinsulinemic F1 PNGR
phenotype of the biological procreating mother.

Thus, unlike the effect of calorie or protein restriction during gestation that affects the
heritability of metabolic perturbations lending to the phenotype in the F2 generation and
beyond (13), calorie or protein restriction during the suckling phase has a different effect. If
purely due to heritability, the naturally born F2 PNGR would be expected to be
hypoinsulinemic and insulin sensitive reflecting the mothers’ phenotype (F1 females).
However, the detected transgenerational effect of postnatal calorie restriction appears to be
due to the intra-uterine environmental effect perhaps related to intermittent postprandial
hyperglycemic episodes. This is perhaps the reason for the naturally born F2 PNGR
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becoming obese, glucose intolerant and insulin resistant (14). Abolition of the F1 PNGR
intra-uterine metabolic environment by embryo transfer near reversed the F2 phenotype
towards normalcy, albeit modifying heritability. Remnants of heritability were evident even
in the F2 embryo transfer PNGR perhaps in the form of an inability of insulin to suppress
only the first phase hepatic glucose production.

Embryo transfer to a normal intra-uterine environment near erased the trans-generational
persistence of glucose metabolic perturbations in the F2 embryo transfer PNGR female adult
offspring. While the glucose intolerance of the F2 embryo transfer PNGR is minimal when
compared to that observed in previously reported naturally born F2 PNGR female adult
offspring (14), embryo transfer into a control environment protected the F2 generation from
developing adiposity (fat mass), hyperleptinemia and hyperinsulinemia (14). The combined
results of these two studies, namely that by Pinheiro et al (14) in naturally born F2 and our
present study involving embryo transfer of the F2 generation, support a modifying role for
an aberrant intra-uterine environment in the F1 PNGR generation in propagating the full
blown glucose intolerant and visceral adiposity phenotype to the next generation (14). Since
the only remnant derangement contributing to mild first phase glucose intolerance in the F2
embryo transfer PNGR is unsuppressed first phase hepatic glucose production, these
findings support a reversal towards normalcy in the F2 embryo transfer PNGR female.

While transgenerational investigations are difficult in the human, there is accumulating
evidence demonstrating a link between slow growth during infancy when imposed on low
birth weight and the associated impaired glucose tolerance during adult life (3, 5). Similarly
preterm infants (<1500g birth weight) who are consistently exposed to postnatal growth
restriction (28) with subsequent excessive growth (28-31) suffer from glucose intolerance
and insulin resistance as young adults. In cases where subsequent excessive growth does not
set in, a condition akin to lipodystrophic diabetes mellitus consisting of reduced adipose
tissue and circulating leptin concentrations develops related to early life malnutrition (32).
Clinical and biochemical features of increased risk of polycystic ovary syndrome are also
described in young adult females born with a low birth weight (33). Thus, there is a
possibility that postnatal growth restriction in the human that sets the stage for glucose
intolerance as an adult could potentially transmit this phenotype to the next generation. This
transgenerational persistence of glucose intolerance may contribute to the present worldwide
epidemic of type 2 diabetes mellitus. However, our present rat studies reveal that unlike the
F2 progeny of F1 IUGR rats where epigenetics and heritability played major roles (11), this
persistence into the next generation of metabolic derangements may be heavily influenced
by the abnormal intra-uterine metabolic environment of the F1 PNGR mother.

In summary, we have demonstrated that embryo-transfer into a normal intrauterine
environment of the F2 generation procreated by the postnatal calorie and growth restricted
F1 rat mothers near abolished the transgenerational persistence of the overtly obese, glucose
intolerant and insulin resistant phenotype. Unlike IUGR, PNGR contributes
transgenerationally to the epidemic of type 2 diabetes mellitus because of an episodic
aberrant gestational metabolic environment. Future studies assessing the metabolic
phenotype of the naturally born F2 offspring to the calorie restricted F1 PNGR mother along
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with transfer of control embryos into an F1 PNGR intra-uterine environment is necessary to
determine if an aberrant F2 metabolic phenotype can be induced to emerge.

While embryo transfer does take place in women as part of /n-vitro fertilization and
surrogacy, the clinical implication here is that even small, lean and hypoinsulinemic women
who may appear metabolically normal are at high risk of transmitting a perturbed metabolic
phenotype to their naturally born progeny. Hence pregnancies and the resultant offspring of
women who have experienced postnatal growth restriction or slowing of growth during early
infancy, either due to prematurity/neonatal or infantile illness (resourced countries) or
malnutrition (under resourced countries), should be monitored for metabolic abnormalities
that will perhaps ultimately contribute towards the trans-generational persistence and burden
of the world-wide epidemic of diabetes mellitus.
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B: Embryo Transfer (ET) F2 Animal Groups
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A: Flow chart demonstrating the F1 animal groups reared under control (CON) and postnatal
calorie restriction (PNGR) conditions. 1B: Flow chart demonstrating F2 embryo transfer
(ET)-CON and F2 ET-PNGR that were reared under ad-libitum conditions during gestation,
lactation and post weaning. 1C: The increase in body weight (g) from birth to 15 months of
age in F2 ET-CON (n=6) was similar to the growth pattern of F2 ET-PNGR (n=6). Inset:

Body weight in age matched F1 CON and F1 PNGR at 21d and 15 months (n=6 at each age
in each group). Data shown as Mean+SEM. *p<0.03 compared to F1 CON.
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B: Glucose AUC During IVGTT
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C: Plasma Insulin During IVGTT
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D: Insulin AUC During IVGTT
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Figure 2.
A: Serial plasma glucose concentrations during glucose tolerance tests after an 1V glucose

challenge (1g/kg) are depicted in F2 embryo transfer (ET)-PNGR (n=6), and F2 ET-CON
(n=5). Inset: Plasma glucose during first 30 minutes of IVGTT is shown in age matched F1
CON (n=5) and F1 PNGR (n=6) after 1g/kg IV glucose bolus. Data shown as Mean+SEM.
2B: The total and first phase (15 min) glucose concentration area under the curve (AUC)
during IVGTT in both ET-F2 groups. Inset: The total and first phase (15 min) plasma
glucose AUC during IVGTT in F1 CON (n=5) and F1 PNGR (n=6) groups did not show any
difference. Data shown as Mean+SEM. 2C: Glucose stimulated insulin response (GSIS)
demonstrates serial plasma insulin concentrations after an 1V glucose challenge (1g/kg) for
F2 ET-PNGR (n=6) and F2 ET-CON (n=5). Inset: Glucose stimulated insulin secretion
(GSIS) demonstrates serial plasma insulin concentrations during the first 30 minutes after an
IV glucose challenge (1g/kg) in age matched F1 CON (n=5) and F1 PNGR (n=6). 2D: Total
and first phase (15 min) plasma insulin concentration area under the curve (AUC) during
IVGTT. Inset: Total and first phase (15 min) insulin AUC during IVGTT is shown for age
matched F1 CON (n=5) and F1 PNGR (n=6). Data shown as Mean+SEM.

*p<0.03 F2 ET-PNGR versus F2 ET-CON

**p<0.05 F2 ET-PNGR versus F2 ET-CON

©9p<0.05 F2 PNGR versus F1 PNGR

#p<0.02 F1 CON versus F1 PNGR

#p<0.03 F1 CON versus F1 PNGR.
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A: Endogenous Hepatic Glucose Production - IVGTT
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B: Endogenous Hepatic Glucose Production AUC
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Figure 3.
A: The endogenous hepatic glucose production after glucose challenge is shown at various

time points for F2 embryo transfer (ET)-CON (n=5) and F2 ET-PNGR (n=6). Inset:
Endogenous hepatic glucose production during the first 30 minutes after a glucose challenge
in age matched F1 CON (n=5) and F1 PNGR (n=6) is depicted. Data shown as Mean+SEM.
3B: Total and first phase (15 min) endogenous hepatic glucose production area under the
curve (AUC) during IVGTT is shown in F2 ET-PNGR (n=6) and F2 ET-CON (n=5). Inset:
Total and first phase (15 minutes) AUC for endogenous hepatic glucose production in age
matched F1 CON (n=5) and F1 PNGR (n=6). Data shown as Mean+SEM.

*p<0.02, F2 ET-PNGR (n=6) versus F2 ET-CON (n=5),

**p<0.03, F2 ET-PNGR (n=6) versus F2 ET-CON (n=5).
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A: Plasma Glucose during Insulin Tolerance test
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B: Glucose AUC during Insulin Tolerance test
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Figure 4.
A: The plasma glucose concentrations during Insulin tolerance tests are shown at baseline,

15, 30 and 60 minutes after insulin administration (0.75 U/kg) in F2 embryo 632transfer
(ET)-PNGR (n=6) and F2 ET-CON (n=5). Inset showing plasma glucose 633concentrations
during insulin tolerance test in age matched F1 CON (n=5) and F1 PNGR 634(n=6). Data
shown as Mean+SEM. 4B: shows the plasma glucose concentration AUC for 63560 minutes
during insulin tolerance tests in both groups. Inset showing AUC for plasma 636glucose
concentrations during insulin tolerance test in age matched F1 CON (n=5) and F1 637PNGR
(n=6). Data shown as Mean=SEM.
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Glucose clearance, hepatic glucose futile cycling and percent of total glucose production from glucose
recycling during IVGTT in F2 embryo transfer (ET)-CON and F2 ET-PNGR groups at 15 months.

Table 3

Total glucose
clearance

Hepatic glucose futile cycling
(GFC)

GFC % hepatic glucose

Group (mmol/kg/min) (mmol/kg/min) production (%)
F2 ET-CON (5) 0.22+0.01 0.09+0.01 43.4+5.2
F2 ET-PNGR (6) 0.23+0.02 0.07+0.02 32.245.8
F1-CON (5) 0.22+0.01 0.11+0.01 31.7+1.8
F1-PNGR (6) 0.23+£0.01 0.08+0.02 33.7£6.9

Data shown as mean+SEM, number of animals (n) shown in parenthesis.
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Total glucose clearance, glucose futile cycling and GFC % hepatic glucose production were similar in age matched F1 PNGR and F1 CON.
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