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Abstract

Prematurity and overfeeding in infants are associated with insulin resistance in childhood and may increase the risk of adult

disease. Total parenteral nutrition (TPN) is a major source of infant nutritional support and may influence neonatal metabolic

function. Our aimwas to test the hypothesis that TPN induces increased adiposity and insulin resistance compared with enteral

nutrition (EN) in neonatal pigs. Neonatal pigs were either fed enteral formula orally or i.v. administered a TPN mixture for 17 d;

macronutrient intake was similar in both groups. During the 17-d period, we measured body composition by dual-energy X-ray

absorptiometry scanning; fasting i.v. glucose tolerance tests (IVGTT) and hyperinsulinemic-euglycemic clamps (CLAMP) were

performed to quantify insulin resistance. On d 17, tissue was collected after 1-h, low-dose CLAMP for tissue insulin signaling

assays. TPN pigs gained less lean andmore body fat and developed hepatic steatosis compared with EN pigs. After 7 and 13 d,

IVGTT showed evidence of insulin resistance in the TPN compared with the EN group. Fasting plasma glucose and insulin also

were higher in TPN pigs. CLAMP showed that insulin sensitivity was markedly lower in TPN pigs than in EN pigs. TPN also

reduced the abundance of the insulin receptor, insulin receptor substrate 1, and phosphatidylinositol 3 kinase in skeletal muscle

and liver and the proliferation of total pancreatic cells and b-cells. Hepatic proinflammatory genes as well as c-Jun-N-terminal

kinase 1 phosphorylation, plasma interleukin 6, and tumor necrosis factor-a were all higher in TPN pigs than in EN pigs. The

results demonstrate that chronic TPN induces a hepatic inflammatory response that is associated with significant insulin

resistance, hepatic steatosis, and fat deposition compared with EN in neonatal pigs. Further studies are warranted to establish

themechanismof TPN-induced insulin resistance and hepaticmetabolic dysfunction andwhether there are persistentmetabolic

consequences of this lifesaving form of infant nutritional support. J. Nutr. 140: 2193–2200, 2010.

Introduction

Many infants are not fed enterally because of feeding intoler-
ance, risk of necrotizing enterocolitis, or other medical conditions.
In these circumstances, infants receive parenteral nutrition (PN)8

for several days or sometimes months, which thus provides critical
nutritional support for survival (1). However, evidence from
clinical studies suggests that very low birth weight (VLBW) infants
frequently experience growth failure and this has been linked to poor
neurodevelopmental outcomes (2). These outcomes have prompted
clinicians to adopt more aggressive nutrition regimens to op-
timize growth, which translates to increased rates of PN admin-
istration (3). Aggressive nutritional support of premature infants,
especially PN, may increase the risk of hyperglycemia, because
these infants have poor control of glycemia (4–7). Hyperglycemia
is a particular concern for VLBW infants, because this has been as-
sociated with increased morbidity and mortality (8,9). As a result,
the clinical practice of insulin therapy has been implemented to
normalize glycemia while enabling aggressive glucose administra-
tion in premature infants (10). Hyperglycemia in VLBW infants
has been linked to the inability to inhibit endogenous hepatic
glucose production and reduced peripheral glucose utilization
during parenteral administration of glucose and insulin (11,12).
The etiology of persistent hepatic glucose production and possible
insulin resistance in premature neonates is unknown.
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A critical goal of nutritional support of parenterally fed
premature and VLBW infants is early introduction of partial
enteral nutrition [i.e. minimal enteral nutrition (EN)] and rapid
advancement to full enteral feeding (13). This situation is also true
for term infants that receive PN due to intestinal failure secondary
to congenital abnormalities or extensive surgical resection
(14,15). Minimal enteral feeding accelerates the maturation of
gastrointestinal function and the tolerance to full enteral feeding
of premature and VLBW infants and thereby reduces the duration
of hospitalization (16). Few studies have examined the effect of
enteral compared with PN on glucose tolerance and utilization in
neonates, but 1 report suggests that chronic PN leads to impaired
insulin secretory response (17). Under normal enteral feeding
conditions, the gut and liver remove a significant amount (30–
40%) of the dietary glucose load by first-pass metabolism (18–
20). Studies in mature animals and adult humans indicate that
delivery of glucose via the enteral compared with parenteral route
preferentially increases hepatic and peripheral glucose utilization
(18, 21, 22). Most of the evidence demonstrating the stimulatory
effect of enteral glucose infusion on glucose disposal is based on
acute studies (,6 h), although chronic (14 d) studies in rats
showed that those fed a complete elemental diet parenterally
experienced insulin resistance and markedly higher insulin
concentrations than those fed enterally (23). Studies in dogs
indicated that chronic (5 d) total PN (TPN) increased peripheral
glucose disposal at a lower circulating insulin concentration,
suggesting increased insulin sensitivity (24,25). Thus, there is
conflicting evidence of the role of PN support in glucose
utilization and insulin sensitivity; however, to our knowledge,
no studies have been done in neonatal animals or infants.

The current study tested the hypothesis that TPN compared
with intermittent, enteral formula feeding (EN) results in insulin
resistance and glucose intolerance in neonatal pigs. We charac-
terized endpoints of whole-body insulin sensitivity, liver and
muscle insulin signaling, pancreatic b-cell function, and body
composition. We used the neonatal pig given its relevance as an
animal model of the human neonate based on comparative
aspects of metabolism, body composition, organ function, and
stage of development (26–29). With respect to glucose metab-
olism, the fasted newborn pig (26) and VLBW infant (7,30) are
both susceptible to glycemic extremes and the relationship
between body weight and glucose turnover in the 2 species is
strikingly similar. Importantly, the larger body size of the
neonatal pig compared with the neonatal rodent allows inves-
tigation of the effect of PN.

Research Design and Methods

Animals and study design. The study protocol was approved
by the Animal Care and Use Committee of Baylor College of
Medicine and was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals [DHHS publication no.
(NIH) 85–23, revised 1985, Office of Science and Health
Reports, DRR/NIH, Bethesda, MD 20205]. Newborn (2 d old),
crossbred (female) pigs (n = 30) obtained from the Texas
Department of Criminal Justice were transported to the animal
facility at the Children’s Nutrition Research Center (Houston,
TX). Upon arrival (d 0), piglets were weighed and placed in
cages in a heated room (;308C). The study design is shown in
Supplemental Figure 1. We studied a total of 30 pigs that were
randomly assigned to 1 of 2 treatment groups, either EN or
TPN. The study design was replicated in 2 groups of pigs (17
pigs in group 1 and 13 pigs in group 2) at different times such
that there were 15 pigs per treatment group (n = 15). On d 0 and

16, body composition was determined by dual-energy X-ray
absorptiometry (DXA) as described below. Subgroups of piglets
also were subjected to i.v. glucose tolerance tests (IVGTT) on d 7
(n = 6) and 13 (n = 8) and hyperinsulinemic-euglycemic clamps
(CLAMP) on d 15 (n = 6–7) and before euthanasia on d 17 (n =
6–7) as described below.

Following DXA analysis on d 0, piglets were fed a cow

milk-based formula until surgery. The following day, piglets
were implanted with silastic catheters into the jugular vein and
carotid artery as previously described (31,32). After surgery, all
piglets received TPN at 50% of their requirement for 24 h and
then were assigned to 1 of 2 treatments to receive either TPN or
intermittent enteral (oral) feedings of formula (EN) until the end
of the study period. Thereafter, intakes of TPN and EN piglets
were increased to 100% within the next 48 h. TPN piglets were
administered 240 mL×kg21×d21 providing 25 g×kg21×d21 glu-
cose, 13 g×kg21×d21

L-amino acids, 5 g×kg21×d21 lipid (Intralipid
20%; Fresenius Kabi), and electrolytes, (trace) minerals, and
vitamins according to their requirement as described previously
(33). EN piglets were fed a cow milk-based formula for baby
pigs (Litter Life, Merrick’s) at 50 g×kg21×d21, suspended in
240 mL water, providing 25 g×kg21×d21 lactose, 12.5 g×kg21×d21

protein, 5 g×kg21×d21 fat, and electrolytes, (trace) minerals, and
vitamins. TPN piglets received their nutrition continuously,
whereas EN piglets were orally fed individual meals 3–4 times
daily. A detailed list of the diet compositions is provided in
Supplemental Table 1. Piglets were weighed daily and their
intakes adjusted accordingly.

Body composition analysis. On d 0 and 16, pigs were briefly
anesthetized with isoflurane and their body composition was
determined by DXA using a fan-beam densitometer (Hologic
QDR4500A, Hologic) in the infant whole body scan mode as
described previously (34). Scan results provided values for total
body bone mineral content (BMC), bone mineral density,
nonbone lean tissue, and total body fat mass. Summing BMC
and lean tissue values provided a measure of fat-free mass.

IVGTT and plasma analysis. On d 7 and d 13, subgroups of
pigs were feed deprived for 8 h and then submitted to an IVGTT.
Glucose (40% solution, 0.5 g×kg21) was injected via the jugular
vein catheter within 60 s and arterial blood samples were
obtained before (0 min) and after the injection at 10, 20, 30, and
60 min. Plasma was frozen in liquid nitrogen, then stored at
2808C until analysis for glucose (glucose oxidase; Sigma) and
insulin (Millipore). Plasma samples were also collected after
14 d for assay of tumor necrosis factor-a (TNFa; Invitrogen) and
interleukin-6 (IL-6; R&D Systems). Prior to CLAMP on d 15,
pigs were feed deprived for 12 h and plasma samples were
collected for assay of glucose and insulin.

CLAMP. On d 15, after being feed deprived for 12 h, 4-h
CLAMP were performed, targeting circulating insulin concen-
trations in the physiological fed state (69 pmol×L21) and
hyperinsulinemia (1042 pmol×L21). On d 17, after being feed
deprived for 12 h, before killing, liver and skeletal muscle
samples were collected after a 1-h CLAMP, targeting circulating
insulin concentrations of 69 pmol×L21. CLAMP were performed
in subgroups (n = 6–7) of TPN and EN pigs as previously
described (35). Briefly, 30 min before the clamp procedure was
initiated, 5 blood samples were obtained to establish the average
basal (fasting) glucose concentration. Blood glucose during the
clamp protocol was rapidly determined using a glucose analyzer
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(YSI 2300 STAT Plus Glucose Analyzer; YSI Incorporated).
After a 10-min priming infusion, porcine insulin (Sigma-Aldrich)
was infused for 2 h at 5.2 pmol×kg20.66×min21 (low dose; 86.1
nmol×L21, 0.9% saline, 0.1% human serum albumin) and then
for 2 h at 52 pmol×min21×kg20.66 (high dose; 861 nmol×L21,
0.9% saline, 0.1% human serum albumin) to achieve plasma
insulin levels of 69 and 1042 pmol×L21, respectively. During the
infusion, arterial blood samples were obtained in 5-min intervals
and immediately analyzed for glucose. Subsequently, glucose
infusion rates (20% solution for low-dose insulin, 50% solution
for high-dose insulin) were adjusted to maintain blood glucose
concentrations within 610% of the average basal glucose
concentration. Additional blood samples were acquired for later
analysis of insulin. After completing the CLAMP, pigs were
returned to their respective treatment until d 17, when we
repeated the low-dose CLAMP protocol to examine the ability
of insulin to acutely activate tissue-specific insulin signaling.
This CLAMP protocol was similar to that described above, but
insulin and glucose were infused for only 1 h. Immediately at the
end of the 1-h infusion period, animals were killed and liver,
skeletal muscle (Longissimus dorsi), and pancreatic tissue
samples were quickly excised and frozen in liquid nitrogen.

Liver and pancreas tissue analyses and histology. Fresh
liver was fixed in O.C.T. Compound (Sakura Finetek), frozen in
liquid nitrogen, and then frozen sections were stained with Oil
Red O. Liver triglyceride concentrations were also determined
by extraction of frozen tissue with ethanolic KOH (2 parts
ethanol:1 part 30% KOH) for 24 h at 558C and measuring
glycerol content using an enzymatic assay involving sequential
reactions with glycerol kinase and glycerol phosphate oxidase to
produce hydrogen peroxide (Infinity Triglycerides Reagent,
Thermo Fisher Scientific). Liver myeloperoxidase activity was
assayed using frozen tissue as previously described (36). Tissue
protein and DNA concentration were determined as previously
described (32). Organ weight and composition were expressed
relative to body weight in kilograms.

Fresh pancreas tissue was fixed in 4% buffered formalin for
24 h and then stored in 70% ethanol at room temperature.
Paraffin sections (5 mm) were unmasked by microwave heating
in 10 mmol/L citrate buffer (pH = 6.0) for 20 min, washed with
PBS, and then permeabilized in PBS-T (0.3% Triton-100 in PBS)
for 45 min at room temperature. Sections were blocked for 1 h
with 10% normal goat serum in 0.1% PBS-T at room temper-
ature and then incubated for 18 h at 48C with primary antibody
at 1:200 dilution in 10% normal goat serum with 0.1% PBS-T.
Primary antibodies were mouse, anti-human Ki-67 (BD Biosci-
ences), and guinea pig, anti-human insulin (Millipore). Second-
ary antibodies (Alex Fluor 546 goat anti-mouse and Alex Fluor
488 goat anti-guinea pig, Invitrogen Molecular Probes) at
1:1000 dilution were incubated for 2 h at room temperature and
then nuclei were counterstained with Topro-3 (1:1000 in PBS)
for 10 min (Invitrogen). Sections were visualized using a laser
scanning microscope (Olympus Fluoview FV 300). Multiple
images (15–20) from each sample were captured at 1003,
2003, and 4003 magnification for quantitative analysis of
insulin-positive area to represent b-cells and Ki-67-positive cells
to represent proliferating cells. Insulin and Ki-67 double-positive
cells were also quantified to represent proliferating b-cells. Total
cell densities were quantified based on topro-3 and used to
adjust Ki-67 and insulin-positive cell numbers. Captured digital
Tiff images were subjected to computer-assisted analysis after
thresholding for intensity using Image Pro Plus Version 5.1
software (Media Cybernetics).

Hepatic inflammatory gene expression. Quantitative real-
time PCR was performed as described (37). Briefly, total RNA
was extracted from liver tissue using Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. The design of porcine-
specific primers, real-time PCR protocol, and primer sequences
are described in the online appendix. Data were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression and the
2-DDCT-method was used to compare gene expression levels
between samples.

Tissue insulin signaling. Immunoblotting was performed on
tissue extracts of frozen liver and muscle tissue to detect
phosphatidylinositol 3 kinase (PI3-K), insulin receptor substrates
1 and 2 (IRS1, 2), insulin receptor (IR), and c-Jun-N-terminal
kinase 1 (JNK 1) as well as their phosphorylated forms as
described in the online appendix. All Western blots were run
with 6 pigs from each treatment group and used for statistical
analysis. Treatment means and SE are shown as bar graphs. The
abundances of PI3-K are expressed relative to that of tubulin
measured after stripping and reprobing membranes. To quantify
the phosphorylated forms of specific proteins, we expressed the
calculated densitometric band intensities of the phosphorylated
form relative to that of the total protein on the same immuno-
blot; the latter was determined after stripping and reprobing the
membranes. These values are expressed as arbitrary units for
each treatment group in the figures.

Statistical analysis. Data for the 2 treatment groups were
analyzed using Minitab statistical software. Data were first
analyzed by 1-way ANOVAwith nutritional treatment as a main
effect. Measurements of plasma substrates and insulin during the
IVGTTand at intervals during the 17-d period were analyzed by 2-
way ANOVAwith main effects of treatment and time. Differences
compared with the initial time point were determined by Tukey’s
means comparison. The area under the curve (AUC) for glucose
and insulin data derived from the IVGTT tests were calculated
using GraphPad statistical software. Results are expressed as mean
6 SEM and P , 0.05 was considered significant.

Results

Body and organ composition. Initial body weight and body
composition did not differ between the 2 treatment groups; the
composition of the piglets was dominated by lean tissue (;90%)
with relatively low body fat (4–6%) and BMC (1.5%) (Table 1).
However, daily weight gain was lower and final body weight
tended to be lower (P = 0.08) in TPN compared with EN pigs
(Table 1). Body composition analysis based on DXA scanning
indicated that TPN piglets gained significantly less lean (37.9 6
1.8 vs. 43.16 1.3 g×kg21×d21) and bone mass (0.4736 0.026 vs.
0.741 6 0.029 g×kg21×d21) and more fat mass (2.86 6 0.23 vs.
2.13 6 0.18 g×kg21×d21) compared with EN piglets (Fig. 1).
TPN induced hepatomegaly based on increased relative liver
weight and protein and DNAmass relative to EN (Table 1). TPN
also induced steatosis compared with EN pigs as evidenced by a
greater lipid concentration (6.846 0.43 vs. 4.716 0.34 mmol/g
liver) and microscopic lipid droplets (Fig. 2). There was no
difference in pancreas relative weight or cellular composition
between groups; however, the spleen was significantly enlarged
in TPN compared with EN pigs (Table 1).

Hepatic and systemic inflammation. Given the evidence of
hepatic steatosis, we quantified various measures of hepatic
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inflammation and found that myeloperoxidase activity and the
expression of several proinflammatory cytokines and chemo-
kines were significantly upregulated in TPN compared with EN
pigs, especially IL-2, CXCL2, CXCL8, TNFa, IL-6, and Rel A
(Fig. 3). The phosphorylation of JNK 1, also known as mitogen-
activated protein kinase 8, also was higher in livers from TPN
than those in EN pigs. Circulating plasma concentrations of
both TNFa and IL-6 were significantly increased in TPN
compared with EN pigs, indicating systemic inflammation.

Pancreatic growth and b-cell responses. We determined the
number of total cells and b-cells within the pancreas in the 2
groups. As indicated, the total weight and DNA content of the
pancreas was not different (Table 1) and this was confirmed
histologically (Fig. 4); representative staining is shown in
Supplemental Figure 2. The total number of insulin-positive,
b-cells also did not differ between the 2 groups; however, the
number of Ki67 positive, proliferating cells, and especially
b-cells was lower in TPN compared with EN pigs.

Whole body insulin sensitivity and glucose tolerance. We
examined the impact of mode of nutrition on whole body
glucose tolerance based on an IVGTT after 7 and 13 d of treat-
ment. Plasma glucose (7 d) and insulin responses were signif-
icantly higher in TPN piglets than in EN piglets (Fig. 5A–D); the
AUC estimates were also higher in TPN piglets. Also after 15 d
of treatment, we assessed insulin sensitivity using the CLAMP
technique based on infusion of low and high doses of insulin to
achieve plasma insulin levels of 69 and 1042 pmol/L, respectively.
The steady-state plasma insulin concentrations were not differ-
ent between EN (n = 5) and TPN (n = 7) pigs during the low
(64 6 9 and 65 6 5 pmol/L) and high (986 6 76 and 1076 6
76 pmol/L) insulin infusion clamp periods, respectively. Simi-
larly, the steady-state plasma glucose concentrations did not
differ between EN and TPN pigs during the low (4.23 6 0.32
and 3.74 6 0.25 mmol×L21) and high (4.69 6 0.29 and 5.17 6
0.95 mmol×L21) insulin infusion clamp periods, respectively. At
both the low (physiological) and high (hyperinsulinemic) insulin
concentrations, the glucose infusion rates necessary to maintain
euglycemia at the fasting glucose concentrations were signifi-
cantly lower in TPN piglets compared with EN piglets (Fig. 5F).
After 17 d of treatment during the basal period before the

CLAMP was initiated, the overnight fasting glucose and insulin
concentrations were significantly higher in TPN piglets than in
EN piglets as measured (Fig. 5E).

Tissue insulin signaling. To further assess the effects of TPN
on tissue-specific insulin resistance, we measured the liver
and skeletal muscle tissue abundance of the IR, IRS-1/2, and
PI3K. The hepatic abundance of PI3-K protein and phospho-
rylation of IR, IRS-1, and IRS-2 was significantly reduced in
TPN compared with EN piglets (Fig. 6A–D). Similarly, the
skeletal muscle abundance of PI3-K protein and phosphoryl-
ation of IR was depressed in TPN piglets compared with EN
piglets (Fig. 6 E,F).

FIGURE 1 Accretion of lean mass, fat mass, and BMC in neonatal

pigs fed EN or TPN over a 16-d period. Results are expressed as mean

6 SEM, n = 15. *P , 0.05.

TABLE 1 Body and organ weights and tissue composition in
neonatal pigs chronically fed EN or TPN1

EN TPN

Initial body weight, g 1894 6 77 1950 6 82

Initial body lean, g 1760 6 70 1812 6 78

Initial body fat, g 102 6 7 104 6 4

Initial body BMC, g 32.4 6 2.1 33.6 6 1.8

Final body weight, g 4451 6 263 4039 6 152

Daily weight gain,2 g�kg BW21 46.0 6 1.2 41.2 6 1.7*

Liver weight, g�kg BW21 25.3 6 0.7 37.9 6 1.9*

Liver protein content, mg�kg BW21 4399 6 281 6102 6 267*

Liver DNA content, mg�kg BW21 161 6 16 191 6 12*

Pancreas weight, g�kg BW21 1.42 6 0.04 1.34 6 0.08

Pancreas protein content, mg�kg BW21 236 6 12 210 6 12

Pancreas DNA content, mg�kg BW21 8.54 6 0.53 8.01 6 0.45

Spleen weight, g�kg BW21 3.33 6 0.7 5.40 6 1.9*

1 Values are means 6 SEM, n = 15. *Different from EN, P , 0.05.
2 BW, body weight.

FIGURE 2 Hepatic lipid content in neonatal pigs fed EN or TPN for

17 d. (A) Oil Red O-stained liver sections showing lipid droplets (red) in

livers from EN or TPN pigs after 17 d. (B) Hepatic triglyceride (TG)

content per g tissue and (C) per kg body weight (BW) in neonatal pigs

fed EN or TPN for 17 d. Results are expressed as mean 6 SEM, n =

15. *P , 0.05.
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Discussion

The aim of the study was to characterize the metabolic response
to chronic PN in neonatal piglets. We were especially interested
in the impact on glucose metabolism given the evidence of
derangements in glycemia in parenterally fed VLBW infants (4–
7). We examined the effect on TPN on the liver, because it plays
an integral role in glucose metabolism, and previous reports,
including our own in piglets, indicate that TPN induces hepatic
steatosis and cholestasis (38–40). We used the neonatal pig
because of its relevance as a model of the human neonate with
respect to glucose metabolism, and its larger body size compared
with neonatal rodents allows investigation of the effect of PN
(26,7,30). Our results show that chronic TPN induces a
dysfunctional metabolic phenotype in neonatal pigs marked by
hepatic inflammation and steatosis and is associated with
significant insulin resistance and increased body fat deposition.
Tissue analysis also revealed defects in liver and skeletal muscle
insulin signaling and suppressed pancreatic islet cell prolifera-
tion consistent with deterioration of glucose regulatory capacity.

An important finding in the study was the alteration in body
composition associated with TPN. Based on our previous studies in
neonatal pigs, we anticipated that TPN would result in increased
livermass and steatosis, but the finding of increased fat and reduced
leanmass accretion was unexpected (38). The changes in liver mass
were not due to increased lipid content but rather substantial
increases in protein and DNA content, suggestive of increased
hepatic protein synthesis.We are not aware of any studies that have
examined the influence of PN compared with EN on either growth
rate or body composition in human premature infants despite the
fact that PN can represent a significant proportion of the nutrition
intake in this population. This issue may be significant given the
current recommendations to pursue aggressive early nutrition in
premature and VLBW infants to maintain normal neurodevelop-
ment (2,3), because an emerging body of evidence suggests that
rapid catch-up growth in these infants may predispose to increased
adiposity and later obesity (41).

The changes in liver growth resulting from TPN compared
with EN prompted us to examine in more detail evidence for
altered inflammatory response, because our previous report in
TPN-fed neonatal pigs showed increased proinflammatory
markers along with hepatic steatosis. Our results showed a
marked increase in the expression of several proinflammatory
genes, including both proinflammatory cytokines and chemo-
kines. This finding was corroborated by increased hepatic tissue
myeloperoxidase activity, which is a peroxidase enzyme marker
found in macrophages, such as infiltrating neutrophils and
resident Kupffer cells during liver inflammatory injury. We
further explored a key signaling pathway activated by cellular
inflammation, namely JNK1 (42).We found that phosphorylation
of JNK 1 was modestly upregulated in TPN compared with EN,
consistent with its role in nutrient overload and metabolic stress

FIGURE 3 Hepatic and plasma measurements of inflammation in neonatal pigs fed EN or TPN for 17 d. (A) Hepatic gene expression of

proinflammatory cytokines and chemokines in TPN compared with EN pigs (n = 6). (B) Plasma TNFa. (C) Plasma IL-6 (n = 8). Hepatic

myeloperoxidase (MPO) (n = 8) (D) and pJNK 1 (B) in TPN and EN pigs (n = 7). pJNK 1 is presented as a ratio and TPN is expressed as percentage

of EN (control). Results are expressed as mean 6 SEM. *P , 0.05.

FIGURE 4 Quantitative analysis of pancreatic tissue from TPN and

EN pigs determined total proliferating (Ki-67 positive) and b-cells

(insulin-positive) as a percentage of total cells (left axis). Also shown

are proliferating b-cells (Ki-67 + insulin) as a percentage of total b-cells

(right axis). Results are expressed as mean6 SEM, n = 11. *P, 0.05.
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associatedwith inflammation.We finally quantified the circulating
plasma concentrations of TNFa and IL-6, key proinflammatory
cytokines, and found both were increased 2- to 3-fold in TPN-fed
piglets. The proinflammatory response combined with hepato-
and splenomegaly may be indicative of an acute-phase response
that occurs during infection or endotoxemia.

A dominant metabolic response observed in TPN-fed piglets
was insulin resistance that was evident at the whole body and
cellular level. Insulin resistance was observed early, after only
7 d, when we found increased glucose excursion and insulinemia

during the IVGTT. Insulin resistance was confirmed in TPN
piglets compared with EN piglets based on CLAMP at both
physiological and supra-physiological insulin concentrations
and increased fasting plasma glucose and insulin at 14 d. The
combined results suggest that the TPN induced insulin resistance
and was mainly due to peripheral tissue resistance, likely skeletal
muscle. Our current results contrast with previous studies in
dogs showing that TPN increased hepatic but reduced peripheral
muscle glucose uptake compared with EN (24,25). The latter is
consistent with the portal glucose signal phenomenon revealed

FIGURE 5 Plasma glucose and insulin concentrations and respective AUC values during IVGTT on d 7 (n = 6) (A,B) and on d 13 (n = 8) (C,D) in

TPN and EN pigs. (E) Fasting (12-h) plasma glucose and insulin concentrations in TPN and EN pigs on d 15 (n = 6). (F) Glucose and insulin infusion

rates during CLAMP on d 15 in TPN (n = 5) and EN (n = 7) pigs. Results are expressed as mean 6 SEM. *P , 0.05.

FIGURE 6 Relative abundance and phosphorylation of proteins in liver and skeletal muscle tissue samples obtained from EN (n = 6) and TPN

(n = 6) pigs after a 1-h CLAMP on d 17. Liver tissue relative abundance of phospho-IR (pIR) (A), phospho-IRS-1 (pIRS-1) (B), and phospho-IRS-2

(pIRS-2) (C) and PI3-K (D). Muscle tissue relative abundance of p-IR (E), IRS-1 (F), and PI3-K (G). Phosphorylated proteins expressed relative to

total protein and PI3-K protein expressed relative to tubulin. Results are expressed in arbitrary units as mean 6 SEM for EN and TPN. *P , 0.05

and **P , 0.01.
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in dog studies showing that intraportal glucose infusion stim-
ulates preferential hepatic glucose uptake but suppresses pe-
ripheral skeletal muscle glucose uptake (43,44). However, recent
dog studies show that portal coinfusion of GLP-1 and glucose
increases peripheral glucose utilization (45). Based on our pre-
vious studies, we predict that circulating (and portal venous)
levels of both GIP and GLP-1 would be higher in EN piglets than
in TPN piglets and may explain the increased insulin sensitivity
(32). Our results showed that phosphorylation of the IR and
IRS-1 were significantly depressed in the liver and skeletal
muscle from TPN-fed piglets. The dampening of insulin signal-
ing we observed in TPN-fed piglets maybe linked to increased
circulating proinflammatory cytokines, namely TNFa and IL-6,
secreted by the liver Kupffer cells or adiposemacrophages (46,47).

We also characterized the cellularity of the pancreas, espe-
cially the b-cell volume, given its key role in the regulation of
glucose metabolism. The suppressed b-cell proliferation is
unexpected, because we found hyperinsulinemia in the TPN
group secondary to insulin resistance. This finding raises
questions about the long-term consequence of TPN on meta-
bolic function, because proliferation of b-cells occurs during
infancy and thus the neonatal period is a critical stage of b-cell
development (48).

The picture that emerges from our study in neonatal pigs is
that TPN leads to a dysfunctional metabolic phenotype that
includes hepatic inflammation and steatosis coupled with
marked insulin resistance and glucose intolerance that is evident
at the liver and peripheral muscle tissue sites. The phenotype we
observed in the TPN-fed neonatal pig includes some of the same
metabolic markers found in metabolic syndrome, type 2 dia-
betes, and obesity. The underlying mechanism(s) that explains
this dysfunctional metabolic phenotype is not clear. One logical
explanation is the mode of nutrition support per se, EN versus
PN. The provision of nutrition during TPN is in an elemental
molecular form, i.e. glucose and amino acids, via the parenteral
route. Thus, although this is not physiological from the per-
spective of enteral formula feeding, it is not profoundly different
from nutritional support in utero via the umbilical circulation.
However, the absence of EN and secretion of key incretin gut
hormones, such as gastric inhibitory peptide and glucagon-like
peptide 1, may play a role, as these are both trophic for insulin
secretion and b-cell proliferation (49). Another plausible expla-
nation is that impaired intestinal barrier function secondary to
TPN (36) results in gut-derived endotoxemia and hepatic
inflammation and this triggers a metabolic dysfunction leading
to deranged hepatic lipid metabolism, steatosis, and insulin
resistance, similar to that observed in chronic diseases such as
obesity and type 2 diabetes (42). A final explanation could be
that a component of TPN is toxic and this induces metabolic
dysfunction. ATPN component that has been specifically linked
to liver disease is the lipid emulsion (i.e. Intralipid). Intralipid is a
soybean oil-based emulsion that is enriched with (n-6) PUFA and
phytosterols that have been linked to proinflammatory signaling
and cholestatic liver disease (39,50).

This work also may have clinical relevance to long-term
metabolic disease. Recent reports showed that both prepubertal
children and young adults born appropriate-for-gestational age,
but premature, showed signs of insulin resistance and glucose
intolerance (51,52). It is unknown why prematurity is associated
with adolescent and young adult-onset insulin resistance.
However, a major determinant of clinical outcomes for prema-
ture infants is nutritional support and most premature infants
receive PN after birth. There is limited information describing
the impact of chronic PN on insulin sensitivity and glucose

metabolism in human neonates. One recent report in young
children showed that chronic PN resulted in diminished glucose-
induced insulin secretory capacity (17), contrary to our finding
of hyperinsulinemia with PN. Growing evidence supports the
idea that nutritional imbalance or overload during the perinatal
period can have long-term metabolic effects (53,54). This series
of studies reported by Patel and others has demonstrated that
feeding neonatal rodents a high-carbohydrate diet and the
resultant hyperinsulinemia that occurs can translate into long-
term pancreatic islet dysfunction and obesity (53,54). Whether
the metabolic effects of TPN in our model persist beyond the
neonatal period warrants further study.
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