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Premature infants have altered glucose regulation early in life and increased risk for diabetes in
adulthood. Although prematurity leads to an increased risk of diabetes and metabolic syndrome in
adult life, the role of hepatic glucose regulation and adaptation to an early extrauterine envi-
ronment in preterm infants remain unknown. The purpose of this study was to investigate de-
velopmental differences in glucose metabolism, hepatic protein content, and gene expression of
key insulin-signaling/gluconeogenic molecules. Fetal baboons were delivered at 67%, 75%, and
term gestational age and euthanized at birth. Neonatal baboons were delivered prematurely (67%
gestation), survived for two weeks, and compared with similar postnatal term animals and un-
derwent serial hyperinsulinemic-euglycemic clamp studies. Premature baboons had decreased
endogenous glucose production (EGP) compared with term animals. Consistent with these results,
the gluconeogenic molecule, phosphoenolpyruvate carboxykinase messenger RNA, was decreased
in preterm baboons compared with terms. Hepatic insulin signaling was altered by preterm birth as
evidenced by decreased insulin receptor–b, p85 subunit of phosphoinositide 3-kinase, phosphor-
ylated insulin receptor substrate 1, and Akt-1 under insulin-stimulated conditions. Furthermore,
preterm baboons failed to have the normal increase in glycogen synthase kinase-a from fetal to
postnatal life. The blunted responses in hepatic insulin signaling may contribute to the hyper-
glycemia of prematurity, while impaired EGP leads to hypoglycemia of prematurity. (Endocrinology
158: 1140–1151, 2017)

The rate of preterm birth ranges from 5% to 18% of all
live births worldwide, accounting for an estimated 15

million babies every year. Preterm birth increases the
risk for both short- and long-termmorbidity andmortality,
with survivors having a higher incidence of diabetes and
metabolic syndrome (1–3). In the first weeks of life, many
premature infants have abnormal glucose metabolism;
some develop hypoglycemia, affecting more than 50% of

preterm infants (4, 5), while others develop hyperglycemia,
affecting up to 80% of infants with very low birth weight
(birth weight , 1500 g). The clinical impact of hypo-
glycemia is significant, as it has been associated with
central nervous system damage and decreased IQ scores
(6, 7). Elucidating the pathophysiologic mechanisms
behind hyperglycemia is equally important because this
condition increases the risk of death and other morbidities,
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including retinopathy of prematurity and intraventricular
hemorrhage (8–10). Deranged glucose metabolism may
persist long term, as episodes of hyperglycemia have been
seen in preterm infants even when they mature to near-
term age (11, 12). Further, insulin resistance and in-
creased incidence of type 2 diabetes is seen in preterm
babies who survive to adulthood and may be a direct
consequence of early alterations in glucose metabolism
(1, 3, 13–15).

Little is known about hepatic glucose metabolism in
prematurity and whether impaired hepatic insulin signaling
contributes to the pathophysiology of hyperglycemia/
hypoglycemia in infants with very low birth weight. Pe-
ripheral insulin resistance of prematurity has been demon-
strated in adipose and muscle tissue of premature baboons
(16). The presence of hepatic insulin resistance in preterm
infants is suggested by persistent hepatic glucose production
despite hyperglycemia and high intravenous glucose infu-
sion rates (GIRs) as well as higher proinsulin levels and
higher insulin infusion rates required to achieve euglycemia
(17–19). We previously have shown significant de-
velopmental differences in hepatic gluconeogenic molecules
phosphoenolpyruvate carboxykinase (PEPCK) and fork-
head Box O1 (FOXO1) in fetal and neonatal baboons (20),
which may impair the response to insulin during the neo-
natal period. A clearer understanding of the molecular and
physiological abnormalities responsible or the disturbances
in hepatic glucose metabolism in preterm infants is essential
for optimal management during the neonatal period and
for prevention of long-term morbidities.

No previous study has quantitated endogenous glucose
production (EGP) in preterm and term neonates under
insulin-stimulated conditions. To our knowledge, there are
no data correlating EGP and hepatic insulin-signaling
pathways under insulin-stimulated conditions. We exam-
ined the effect of insulin on EGP in preterm and term
nonhuman primates utilizing stable isotopes. Premature
baboons are a pertinentmodel to study glucosemetabolism,
as they experience complications that are similar to those in
premature infants, including hyperglycemia of prematurity,
hypoglycemia, bronchopulmonary dysplasia, necrotizing
enterocolitis, and cardiovascular instability (21, 22).

Materials and Methods

Animal care in fetal group
Eighteen fetal baboons were delivered at 67% gestation

[125 days gestational age (GA) or preterm, 6 two days; n = 6],
75% gestation (140 days GA or near term, 6 two days; n = 6),
and 95%gestation (175 daysGA or term,6 two days; n = 6) via
caesarean section from healthy mothers under general anes-
thesia and were euthanatized immediately after birth with in-
travenous pentobarbital [20 mg/kg (Virback, AH, Inc, FW,
Texas)]. Fetal sex was not able to be accurately determined

when animal selection was performed prenatally. Liver samples
were collected and snap frozen for future experiments.

Animal care in postnatal group
Twelve additional baboons were delivered prematurely at

67% gestation (n = 6) or at term (n = 6). Animals received a
prime (150 mU/kg/min) plus constant infusion of insulin
(15 mU/kg/min) (Novolin; Novo Nordisk Pharmaceuticals,
Plainsboro, NJ) for two hours immediately prior to liver col-
lection. Animals were euthanized at two to three weeks of age
with 20mg/kg of IV pentobarbital, followed by exsanguination.
Insulin-stimulated liver samples were collected and snap frozen
for future experiments.

Term postnatal animals
Term animals were delivered via spontaneous vaginal de-

livery and were breast fed by their mother for the first 24 hours
of life and received term formula by mouth every four to six
hours thereafter. They were placed in an incubator (36°C) for
thermal support and monitored daily by veterinary staff.

Preterm postnatal animals
Preterm animals were delivered via caesarean section un-

der general anesthesia from healthy mothers. Mothers were
given prenatal steroids initiated 48 hours prior to delivery
with betamethasone [6 mg intramuscular q24h 3 two doses
(American Regent Inc, Shirley, NY)] to mimic the standard
procedure for human patients at risk for premature delivery.
Preterm animals were intubated immediately after birth and
chronically ventilated. Curosurf (Cornerstone Therapeutics,
Cary, NC) was administered through the endotracheal at a dose
of 2.5 mL/kg. A standard protocol was followed for sedation
and anesthesia. Central intravenous lines were placed shortly
after birth for fluid management and parenteral nutrition.
Glucose was measured every two hours for the first 48 hours
and then every four hours, electrolyte levels were obtained every
12 hours, and blood gas analysis was measured every two hours
for the first 48 hours and then every four hours for the rest of the
study. Parenteral nutrition was started after birth at a rate of
150 mL/kg/d, with 1.75 g/kg amino acids during the first
24 hours and then 3.5 g/kg for the remainder of the protocol.
GIRswere advanced per protocol to keep glucose between 50 and
100mg/dL. Enteral feeds were started with preterm formula on day
of life 4 to 5 and advanced to a max of 40 mL/kg/d.

Animals were born at the University of Texas Health Science
Center at SanAntonio (UTHSCSA), Texas Biomedical Research
Institute, in San Antonio, Texas, or at the Baboon Research
Resources at the University of Oklahoma Health Sciences
Center, Oklahoma City, Oklahoma, from 2011 to 2014. All
studies were approved by the Institutional Animal Care
Committee at the UTHSCSA. Animal experiments were con-
ducted in accordance with the Guide for the Care and Use of
Laboratory Animals (23) as well as the Public Health Service
Policy on Humane Care and Use of Laboratory Animals.
UTHSCSA is accredited with Association for the Assessment
and Accreditation of Laboratory Animal Care International.

Insulin clamp
Deuterated glucose (D-[6,6-2H2] glucose) was administered

for five hours via umbilical venous catheters or peripherally
inserted central catheters at one and twoweeks of age (Fig. 1). A
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hyperinsulinemic-euglycemic clamp was performed during
the last two hours of the tracer infusion, and the details have
been described elsewhere (16). Animals received a prime
(150 mU/kg21 $minute21) plus constant infusion of insulin at a
rate of 15 mU/kg21 $ minute21 (Novolin; Novo Nordisk
Pharmaceuticals). At the same time, glucose (25% dextrose in
water) was infused at a variable rate to clamp blood glucose
concentration at 60 to 80 mg/dL. Deuterated glucose was given
as a prime (4 mg/kg) plus constant (0.05 mg/kg/min) infusion
in 0.45% saline. Blood samples were collected for isotopic

enrichment at time –180, 0, +100, and +120 minutes. Isotopic
enrichment was measured by gas chromatography/mass spec-
trometry. Insulin clamps were initiated only if the animal had no
evidence of stress (stable vital signs for the last 48 hours, no
vasoactive medications, and no signs of sepsis or deterioration).
The rate of appearance (Ra) of glucose was calculated by the
isotope dilution technique from the [6,6-2H2] enrichment of
glucose. Using calculations for steady-state kinetics, Ra equals
(Ei/Ep)3 I, whereEi andEp are the [6,6-

2H2] enrichments of the
infusate and plasma, respectively, and I is the infusion rate of
[6,6-2H2] glucose.

Western blot
Activation of hepatic insulin-signaling molecules and glu-

coneogenic enzymes was measured from extracted frozen liver
tissues under maximum insulin stimulation. Proteins were
extracted from liver tissues, quantified, and measured as pre-
viously described (16). Antibodies are specified in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase from Santa Cruz
was used as loading control to normalize target proteins.

Polymerase chain reaction analysis
Gene expression was measured by extracting total RNA

from frozen liver tissues, and relative quantitation of gene
expression was performed as previously described (20).
Primer sequences for PEPCK-C (PCK1, Hs00159918_m1,
RefSeq: NM_002591.3), PEPCK-M (PCK2, Hs00388934_
m1, RefSeq:NM_001018073.2),G6Pase (G6PC3,Hs00292720_m1,

Figure 1. Schematic experimental timelines. Preterm and term
postnatal animals received a hyperinsulinemic-euglycemic clamp at
one and two weeks of age. Fetal animals completed necropsy
immediately after birth.

Table 1. Antibodies Used in This Study

Peptide/Protein
Target Name of Antibody

Manufacturer, Catalog No.,
and/or Name of Individual
Providing the Antibody

Species Raised in;
Monoclonal
or Polyclonal Dilution Used

Akt AKT Cell Signaling, #9272 Rabbit; polyclonal 1:1000
p85 Anti-PI3 kinase, p85 Upstate, 06-497 Rabbit; polyclonal 1:800
FBPase FBPase Santa Cruz Biotechnology,

sc-66946
Rabbit; polyclonal 1:1000

FOXO1 FKHR Santa Cruz Biotechnology,
sc-67140

Rabbit; polyclonal 1:200

pFOXO1 p-FKHR Santa Cruz Biotechnology,
sc-101681

Rabbit; polyclonal 1:200

GAPDH GAPDH Santa Cruz Biotechnology,
sc-25778

Rabbit; polyclonal 1:1000

G6Pase G6Pase-a Santa Cruz Biotechnology,
sc-258400

Rabbit; polyclonal 1:1000

GSK-3a GSK-3a; glycogen synthase kinase-3 Cell Signaling, #9338 Rabbit; polyclonal 1:500
GSK-3b GSK-3b; glycogen synthase kinase-3 Cell Signaling, #9315 Rabbit; monoclonal 1:500
pGSK-3a/b Phospho-GSK-3a/b; glycogen

synthase kinase-3
Cell Signaling, #9331 Rabbit; polyclonal 1:200

IR-b Insulin Rb; insulin receptor Santa Cruz Biotechnology, sc-711 Rabbit; polyclonal 1:200
IRS-1 IRS-1 Santa Cruz Biotechnology, sc-559 Rabbit; polyclonal 1:500
pIRS-1 pIRS-1 Santa Cruz Biotechnology,

sc-17200
Rabbit; polyclonal 1:500

PEPCK-C PEPCK-C Santa Cruz Biotechnology,
sc-135278

Rabbit; polyclonal 1:1000

PEPCK-M PEPCK-M Santa Cruz Biotechnology,
sc-130225

Rabbit; polyclonal 1:1000

Secondary antibody Peroxidase-linked, species-specific,
whole antibody

GE Healthcare UK Limited,
NA934

Donkey Varies

Abbreviations: G6Pase, glucose 6-phosphatase; GAPDH, glyceraldehyde-3-phosphate de-hydrogenase; IR-b, insulin receptor b; IRS-1, insulin substrate
receptor 1.
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RefSeq: NM_001319945.1), FBPase (FBP1, Hs00983323_m1,
RefSeq: NM_000507.3), FOXO1 (FOXO1, Hs01054576_
m1, RefSeq: NM_002015.3), IR (INSR, Hs00961554_m1,
RefSeq: NM_000208.3), IRS-1 (IRS1, Hs00178563_m1,
RefSeq: NM_005544.2), Akt-1 (AKT1, Hs00178289_m1, RefSeq:
NM_001014431.1), andPGC1-a (PPARGC1A,Hs01016719_m1,
RefSeq: NM_013261.3) were purchased from Life Technologies
(Carlsbad, CA). Iportin 8 gene (IPO8, Hs00183533_m1, RefSeq:
NM_001190995.1) was used as an endogenous control.

FOXO1 activation
FOXO1 activity was quantified using the DNA-binding

enzyme-linked immunosorbent assay (ELISA) TransAM FKHR
(FOXO1) Kit from Active Motif (Carlsbad, CA). Liver samples
were homogenized in ice-cold lysis buffer and then centrifuged
for supernatant collection. Protein concentrations were mea-
sured by Epoch Microplate (BioTek Instruments, Winooskiu,
VT). Samples were tested in duplicate wells with 80 mg total
protein per sample following the Active Motif instructions.
Primary antibodies provided with the kit were used to detect
FOXO1 DNA binding activity to the oligonucleotide immo-
bilized in the well. ELISA plate optical density was read on a
Biotek spectrophotometer (Winooski, VT) at 450 nm with a
reference wavelength of 655 nm.

Liver glycogen content
Liver tissues were hydrolyzed in 2 N HCl at 100°C for two

hours followed by neutralization with 2 N NaOH. Glycogen
content was then measured by the hexokinase method using the
glucose HK reagent (Sigma, St. Louis, MO) and expressed per
milligram of tissue.

Blood chemistry
Total serum insulin (ALPCO, Salem, NH) and glucagon

(ALPCO, Salem, NH) concentrations were assessed via enzy-
matic methods using commercial kits. Serum glucose samples
were analyzed using the Analox GM9 Glucose Analyzer
(Analox Technologies, Atlanta, GA).

Statistical analysis
Statistical calculations and demographic distributions were

performed with SPSS for Microsoft Windows (version 17.0;
SPSS, Inc., Chicago, IL). Differences between groups were
determined utilizing a two-way analysis of variance, followed
by the Bonferroni and Tukey test, and paired and unpaired
Student t test, and repeated measures were performed when
appropriate. A P , 0.05 was considered to be statistically
significant. x2s were performed for categorical data such as
sex differences.

Results

Animal characteristics
The clinical and laboratory data of the preterm and

term postnatal baboons are summarized in Table 2.
Similar to preterm human infants, preterm baboons re-
quired constant intravenous dextrose tomaintain euglycemia,
while term baboons were euglycemic with oral formula
feeds. Serum glucose was collected every two to four
hours per protocol in preterm animals and ranged from

62 to 75mg/dL during the first week and 68 to 92mg/dL
during the second week of life (see Table 2 for mean
fasting glucose values). Serum glucose ranged from 51 to
76 mg/dL during the first week and 43 to 84 mg/dL
during the second week of life in term animals. The basal
Ra was similar in preterm and term baboons during
the first and second weeks of life. However, preterm
baboons required a basal GIR . 7 mg/kg/min to pre-
vent hypoglycemia, while term baboons did not re-
quire basal exogenous glucose infusions. Furthermore,
clamped Ra was significantly lower in preterm baboons
during the first and second week of life, and clamped
GIR was significantly lower in preterm baboons during
the first week of life. Basal and clamped plasma glu-
cagon was significantly lower at two weeks of age in
preterm baboons. Although the mean insulin:glucagon
ratio was 99% higher in preterm baboons compared
with terms at both weeks 1 and 2 (week 1, 17.56 12.8 vs
0.2 6 0.1, P = 0.09; week 2, 21.3 6 12.6 vs 0.2 6 0.1,
P = 0.2), this did not meet statistical significance due to
significant variations in the preterm baboons. Epinephrine
remained stable throughout the clamp (change in epi-
nephrine level from baseline to end of clamp was similar;
P = 0.870 and P = 0.441 during clamp 1 and clamp 2,
respectively). The gluconeogenic precursors glycerol and
lactate were similar in preterm and term baboons (0.6 6

0.2 nmol/mL vs 0.86 0.2 nmol/mL, P = 0.2; 0.7 nmol/mL
vs 0.7 nmol/mL, P = 1.0, respectively) at the end of week 2.
These were not measured on week 1 because of the limited
amount of blood available for draws. As previously re-
ported (16), fasting plasma insulin levels tended to be
higher in preterm baboons compared with term at both
one and two weeks of age prior to insulin administration,
and peak insulin levels were similar (.1400 mIU/mL)
between groups at the end of the insulin clamp, immedi-
ately prior to liver sample collection.

Fetal animals were also evaluated, and their experi-
mental time line and characteristics are described in
Fig. 1 and Table 2.

Alterations in hepatic insulin signaling in preterm
baboons

After maximal insulin stimulation, hepatic messenger
RNA (mRNA) expression of insulin receptor b (IR-b) was
39% lower in preterm baboons compared with term an-
imals (P, 0.05); the protein content of IR-b also tended to
be lower in preterms but did not reach statistical signifi-
cance [Fig. 2(a) and 2(b)]. Insulin receptor substrate 1 (IRS-1)
tyrosine phosphorylation at Tyr612 was 75% lower in
preterm compared with term animals (P, 0.05) [Fig. 2(c)].
The phosphoinositide 3-kinase (PI3K) p85 regulatory
subunit was 56% lower in preterm baboons compared
with terms (P, 0.05) [Fig. 2(e)]. Akt-1 mRNA expression
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was decreased in preterm vs term animals by 57%
(P, 0.001) [Fig. 2(d)]. There were no significant changes
in the mRNA expression of IRS-1, protein content of Akt,
or levels of phosphorylated Akt at Ser473 (data not shown).

Developmental differences in gluconeogenic
enzymes and transcription factors in preterm
baboons

Cytosolic PEPCK (PEPCK-C) mRNA expression
was decreased to 91% in preterm vs term baboons
(P , 0.001), and protein content was decreased by 20%
(not statistically significant) [Fig. 3(a) and 3(b)]. Fructose-
1,6-bisphosphatase (FBPase) protein content and gene
expression tended to be lower in preterm animals (63%
and 45%of term, respectively; P = 0.1) but failed to reach
statistical significance [Fig. 3(c) and 3(d)]. There were no
differences in gene expression or protein content of
glucose 6-phosphatase (G6Pase) or mitochondrial PEPCK
(PEPCK-M) [Fig. 3(e), 3(f), and 3(h)].

To investigate the molecular mechanism underlying
the reduced expression of PEPCK-C, we quantitated the
mRNA expression of peroxisome proliferator-activated

receptor gamma coactivator 1-a (PGC-1a), an important
amplifier for hepatic gluconeogenesis. PGC-1a mRNA
expression tended to be 44% lower in preterm vs term
baboons and almost reached statistical significance
(P = 0.06) [Fig. 3(g)].

Because the transcription FOXO1 promotes the ex-
pression of hepatic gluconeogenic genes, we evaluated the
level of FOXO1 in the liver of insulin-stimulated preterm
and term baboons using reverse transcription polymerase
chain reaction (PCR) and Western blot analysis. FOXO1
mRNA expression and protein content were similar be-
tween preterm and term baboons [Fig. 4(a) and 4(b)].
FOXO1 phosphorylation at Ser256 was similar in term
and preterm baboons [Fig. 4(a)]. We also evaluated
FOXO1 activity using the TransAM transcription factor
ELISA (Active Motif); FOXO1 activity was similar in
preterm and term animals [Fig. 4(c)].

Content of hepatic GSK-3 and glycogen after insulin
stimulation in preterm baboons

There was a significantly lower gene expression of
glycogen synthase kinase-a (GSK-3a) in postnatal preterm

Table 2. Animal Characteristics

Preterm Baboons Term Baboons P value

Fetal animals 67% GA 75% GA 95% GA
Female/male ratio 2/4 5/1 1/5 0.815
Birth weight (g) 413 6 14 552 6 24 985 6 53 ,0.001
Postnatal animals 67% GA 95% GA
Female/male ratio 3/3 3/3 1.0
Birth weight (g) 380 6 20 933 6 65 ,0.001

Week 1
Basal glucose (mg/dL) 68 6 6 64 6 3 0.534
Basal insulin (mIU/mL) 7.2 6 3.3 0.9 6 0.1 0.120
HE clamp insulin (mIU/mL) 1678 6 214 1599 6 226 0.812
HE clamp glucose (mg/dL) 66 6 5 53 6 2 0.075
Basal Ra (mg/kg/min) 5.04 6 1.37 7.59 6 2.15 0.321
Basal GIR (mg/kg/min) 7.55 6 1.13 0 0.001
HE clamp Ra (mg/kg/min) 11.67 6 1.52 27.35 6 2.88 0.001
HE clamp GIR (mg/kg/min) 12.86 6 1.07 18.24 6 1.87 0.027
Basal glucagon (pg/mL) 28 6 9 130 6 40 0.083
HE clamp glucagon (pg/mL) 27 6 9 37 6 14 0.562
M value 12.82 6 0.72 18.20 6 2.58 0.004

Week 2
Basal glucose (mg/dL) 68 6 6 72 6 7 0.708
Basal insulin (mIU/mL) 9.0 6 3.4 1.1 6 0.3 0.070
HE clamp insulin (mIU/mL) 1584 6 235 1995 6 759 0.623
HE clamp glucose (mg/dL) 78 6 8 71 6 3 0.405
Basal Ra (mg/kg/min) 6.69 6 2.14 6.79 6 1.85 0.971
Basal GIR (mg/kg/min) 7.17 6 1.17 0 0.002
HE clamp Ra (mg/kg/min) 11.67 6 1.49 21.80 6 3.87 0.057
HE clamp GIR (mg/kg/min) 13.43 6 1.09 15.29 6 1.70 0.364
Basal glucagon (pg/mL) 34 6 13 208 6 52 0.019
HE clamp glucagon (pg/mL) 9 6 8 116 6 46 0.065
M value 12.86 6 0.96 15.92 6 1.86 0.180

Means 6 standard error of the mean are shown.

Abbreviation: HE, hyperinsulinemic-euglycemic.
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baboons when compared with the term counterparts
[Fig. 5(b)]. There were no differences in GSK-3a protein
expression (data not shown). Glycogen content was similar
between postnatal preterm and term baboons during in-
sulin stimulation at two to three weeks of age [Fig. 5(c)].

Developmental differences from fetal to
extrauterine life when born preterm vs term

Similar to what has been previously reported (24), key
insulin-signaling molecules were similar across GAs in
fetal baboons.

Figure 2. Preterm baboons are born at 67% completed gestation, compared with term controls at two to three weeks of age after insulin
stimulation. (a) Hepatic IR-b protein content, (b) IR mRNA, (c) protein content of phosphorylated Tyr 612 of IRS-1 normalized to IRS-1, (d) Akt-1 gene
expression, and (e) protein content of the p85 subunit of PI3K were measured by Western blot or quantitative reverse transcription-PCR (n = 5 to 6 per
group, *P , 0.05). Representative blots from each group are shown. All data shown as mean 6 standard error of the mean. au, arbitrary units.
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Although Akt-1 gene expression remained similar be-
tween fetal (noninsulin stimulated) to extrauterine life
(postnatal animals, insulin stimulated) if born preterm, the
animals born at term had a greater than twofold increase

in Akt-1 gene expression during extrauterine life (P, 0.001)
[Fig. 5(a)]. In addition, after birth, term animals had a
significantly higher Akt-1 gene expressionwhen compared
with their preterm counterparts (P = 0.019) [Fig. 5(a)].

Figure 3. (a and b) Protein content and gene expression of PEPCK-C, (c and d) FBPase, and (e and f) and G6Pase and (g) gene expression of
gluconeogenic coactivator PGC-1a and (h) gluconeogenic enzyme PEPCK-M were measured by Western blot and quantitative reverse transcription-
PCR (n = 5 to 6 per group, *P , 0.05). Representative blots from each group are shown. All data shown as mean 6 standard error of the mean.
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Although there were no differences in glycogen con-
tent between postnatal preterm and term baboons, there
were marked increases in hepatic glycogen content with
advancing GA during fetal life, with a threefold increase

from preterm to term fetal animals
(noninsulin stimulated; P , 0.001).
Consistent with these results, the gene
expression of GSK-3a decreased with
advancing GA during fetal life [Fig. 5(c)].
There were no differences in the GSK-3a
and pGSK-3a protein content between
fetal, postnatal preterm, and termanimals
(data not shown).

Hepatic glycogen content in preterm
and term baboons was significantly
lower during extrauterine life (post-
natal animals, insulin stimulated) as
compared with the fetal animals (non-
insulin stimulated) of similar gestation
(P , 0.001) [Fig. 5(c)], although there
was a significant increase in gene ex-
pression of GSK-3a in term animals
from fetal to extrauterine life (2.7-fold
increase, P, 0.05) [Fig. 5(b) and 5(c)].

Discussion

In this study we measured the molec-
ular mechanisms involved in the reg-
ulation of EGP under maximal insulin
stimulation in newborn nonhuman pri-
mates at various stages of postnatal
development. We found a significant
decrease during fasting in EGP (basal
Ra-GIR) in preterm baboons during
their first two weeks of life in associ-
ation with a decrease in PEPCK (and
perhaps PGC-1a) in the liver of pre-
term baboons (Fig. 6). Although the Ra
was similar in both preterm and term
animals under basal conditions, pre-
term baboons required a continuous
glucose infusion to sustain euglycemia,
whereas term animals did not. The low
EGP persisted throughout the first two
weeks of postnatal life. Interestingly,
under maximal insulin stimulation, the
EGP in preterm baboons remained
low, which is likely due to the ex-
tremely low production they begin
with (basal conditions). Furthermore,
the glucose uptake by peripheral tis-
sues was lower in preterm animals as

demonstrated by their lower M values, in particular
duringweek 1 (Table 2). In addition, preterm animals had
consistently lower glucagon compared with term, and the
insulin:glucagon ratio was 99% higher in preterm

Figure 4. Representative blots from each group of phosphorylated FOXO1, normalized to (a)
FOXO1, (b) gene expression of FOXO1, and (c) hepatic FOXO1 activity (n = 5 to 6 per group).
All data shown as mean 6 standard error of the mean. OD, optical density.
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baboons compared with terms. Preterm baboons had
wide variations in their baseline insulin at both weeks 1
and 2. Others have measured EGP utilizing stable isotopes

(D-[6,6-2H2] glucose) in term human
newborns, but they had minimal in-
sulin stimulation and were born at
term. We therefore attempted to reach
maximal insulin stimulation similar to
the levels that suppressed glucose
production in newborn beagles; these
animals did not achieve complete sup-
pression of EGP despite of reaching
plasma insulin levels . 1000 (25).
Contrary to what is thought to be
contributing factors to the etiology of
abnormal glucose regulation in neo-
nates, gluconeogenic precursors (glycerol
and lactate)were similar betweenpreterm
and term animals.

Preterm baboons had a decreased
gene expression of IR-b and Akt, de-
creased protein content of the PI3K
regulatory subunit p85, and decreased
phosphorylation of IRS-1 at Tyr612
compared with their term counterparts
(Fig. 6). These alterations likely explain
the development of hyperglycemia and
decreased hepatic responses frequently
seen in preterm infants despite elevated
serum glucose levels (11, 17, 19, 26).
This hepatic insulin resistance and
higher insulin levels at fasting found in
preterm baboons are consistent with
the clinical findings in extremely pre-
term infants who have higher serum
c-peptide levels at fasting (17) and re-
quire higher insulin doses to maintain
normoglycemia (27). Persistent hepatic
insulin impairments, particularly de-
creased IRS-1 phosphorylation, could
explain the emergence of diabetes
earlier in life in surviving preterm in-
fants and need to be further studied (1).

In our baboonmodel, GSK-3 tended
to sequentially decrease with advanc-
ing fetal age and increased after
birth. GSK-3 is involved in numerous
intracellular signaling mechanisms,
including protein synthesis, gene
transcription, apoptosis, and glucose
regulation (28, 29). Our results dem-
onstrate that baboons, if born at term,
had a significant increase in GSK-3a

from intrauterine (fetal) to extrauterine (postnatal life);
however, if born preterm, the normal gestational rises
were not observed. These differences in GSK-3 surges

Figure 5. Developmental differences of (a) Akt-1, (b) GSK-3a, and (c) glycogen content in
hepatic tissue from fetal and postnatal baboons. (a) * term vs all groups (P , 0.05). (b and c)
Significant differences were observed in fetal development as indicated by a cross (†P ,
0.05) and between postnatal animals (*P , 0.05; n = 5 to 6 per group). All data shown as
mean 6 standard error of the mean.
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after birth may be secondary to the upstream insulin-
signaling impairments found in preterm baboons (de-
creased phosphorylation of IRS-1 and decreased gene
expression of IR-b and Akt) as insulin acts through IRS-1
and Akt to phosphorylate (and deactivate) GSK-3. This
phosphorylation prevents GSK-3 from inhibiting glyco-
gen synthase (30). Although little is known about GSK-3
during neonatal development, it recently has been shown
to enhance insulin sensitivity, and GSK-3a has been
suggested as a potential target for the treatment of di-
abetes and insulin resistance in adults (31). The lack of
postnatal surge in GSK-3 gene expression after preterm
birth in conjunction with impairments in insulin-
signaling molecules in the liver are consistent with the
insulin-resistant state in prematurity as previously dem-
onstrated by our group (16). Another explanation for the
lack in postnatal surge would be due to differences in
responses to insulin affecting only preterm baboons.
Interestingly, hepatic glycogen content sequentially in-
creased with advancing GA in fetuses and then decreased
postnatally regardless of preterm or term birth. The
postnatal hepatic glycogen content may not correlate
with the postnatal expression of GSK-3 due to differences
in glycogen utilization between preterm and term infants
and differences in glycogen synthase activity, which we
did not measure. A limitation to the study is that sex fetal
differences may have played a role in the differences in
glycogen content or gene expression of GSK-3 in the
fetuses born at 75% and 95% gestation. Sex differences

have been previously found in some genes related to
gluconeogenesis, glycogen content, and glucose output
(32, 33); in this study, we didn’t find statistically sig-
nificant sex differences in the fetuses born at 75% and
95% gestation and the remainder of the groups had
equally distributed sex. Nonetheless, future studies are
needed to elucidate the role of sex.

FOXO1, a nuclear transcription factor involved in the
regulation of hepatic gluconeogenesis, was not altered
by preterm birth. In adult mice, insulin acts on IRS-1 to
activate Akt, which in turn promotes phosphorylation
and nuclear exclusion of FOXO1 (34–37). Therefore, we
expected to find alterations in FOXO1 as a result of
downstream effects from a decrease in IRS-1 and Akt
found in preterm animals. Although we found significant
differences in key insulin-signaling molecules in the liver,
we were surprised not to find any differences in FOXO1
activity, protein content, or gene expression. This might
be explained by alterations in other transcription factors
such as cAMP response element binding protein and
hepatocyte nuclear factor 4a or changes in coactivators
such as protein arginine methyltransferases. Another
possibility could be that FOXO1 may have an abnormal
response to IRS-1/Akt phosphorylation during the fetal to
neonatal period. This could be explained by the rapid
growth that occurs during the fetal and early neonatal
period because FOXO1 is an important cofactor acting
as a gate keeper for c-MYC signaling, a powerful driver
of anabolic metabolism and growth (38).

Figure 6. Preterm birth results in alterations in gluconeogenic gene expression and hepatic insulin signaling impairments.
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In contrast to the impaired upstream insulin-signaling
molecules, we found significantly decreased PEPCK-C in
preterm baboons. Our research group has previously
shown that PEPCK-C increases with advancing gestation
in fetal baboons (20). In preterm baboons, PGC-1a gene
expression was decreased by 44%. PGC-1a induces
mRNA for PEPCK, G6Pase, and FBPase in a dose-
dependent fashion, and the induction of these gluconeo-
genic genes results in increased glucose production in
rat hepatocytes (39). Because coactivation of FOXO1 by
PGC-1a is required for gluconeogenic gene expression, and
PGC-1a increases the transcriptional activity of FOXO1
fourfold in mouse hepatocytes (40), the low PEPCK-C
activity in preterm baboons may be, in part, secondary
to the tendency of PGC1-a to be decreased. Our results
indicate that PEPCK-C, and perhaps PGC1-a, undergo
significant changes during neonatal development. The
decrease in these key hepatic gluconeogenic enzymes, in
conjunction with hypoglucagonemia, most likely are re-
sponsible for the reduction in glucose production and re-
sultant hypoglycemia that occurs in prematurity.

These findings in extremely premature baboons raise
an interesting question of how reduced insulin signaling
with decreased levels of IRS-1 phosphorylation, de-
creased p85 protein content, and decreased Akt mRNA
are found along with decreased PGC-1a and PEPCK-C
gene expression. This paradox can explain the simulta-
neous occurrence of hyperglycemia and hypoglycemia
frequently reported in premature infants.

In conclusion, we found a significant reduction in
IRS-1 phosphorylation, PI3K p85 subunit protein con-
tent, and reduced IR-b and Akt gene expression along
with a blunted response of GSK-3 after preterm birth in the
liver of preterm baboons, which contributes to the insulin
resistance and hyperglycemia of prematurity. EGP was
reduced in conjunction with decreased gene expression of
the gluconeogenic enzyme PEPCK (and perhaps cofactor
PGC-1a), which can explain the hypoglycemia after short
periods of fasting in the newborn period. These findings
have important therapeutic implications because we cur-
rently treat the hyperglycemia with insulin, to which the
preterm infants are resistant (27) due to impairments in the
insulin-signaling pathway. Other therapies might be de-
veloped to enhance IRS-1 phosphorylation or GSK-3 in-
hibition to augment hepatic glucose uptake as a treatment
of hyperglycemia of prematurity. Further, the infants with
persistent/severe hypoglycemia may have significant al-
terations in glucagon, PEPCK, and PGC-1a, which rep-
resent therapeutic targets for neonatal hypoglycemia.

In this study, we demonstrate that baboons serve as an
excellent translational model to study glucose metabolism
throughout a life span as they develop many metabolic
derangements similar to humans if born preterm. Our

unique findings in a nonhuman primate model provide
insight into the etiology of the glucose dysregulation ob-
served in neonates, in particular if born preterm. Preterm
birth affects millions, and as their incidence of diabetes in
childhood and young adulthood continues to increase
(1, 14, 41), further studies are critical to elucidate how
preterm birth and other interventions provided in the neo-
natal intensive care unit and during early life impact their
glucose regulation and insulin sensitivity.
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