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Abstract

Objectives—m-3 Fatty acids (FAs), natural ligands for the peroxisome proliferator-activated
receptor—a (PPAR-a), attenuate parenteral nutrition—associated liver disease (PNALD). However,
the mechanisms underlying the protective role of m-3 FAs are still unknown. The aim of this study
was to determine the effects of ®-3 FAs on hepatic triglyceride (TG) accumulation in a murine
model of PNALD and to investigate the role of PPAR-a and microsomal triglyceride transfer
protein (MTP) in this experimental setting.

Methods—129S1/SvimJ wild-type or 129S4/SvJaePparatm/Gonz/J PPAR-a knockout mice were
fed chow and water (controls); oral, fat-free PN solution only (PN-O); PN-O plus intraperitoneal
(IP) -6 FA-predominant supplements (PN-w-6); or PN-O plus IP ®-3 FA (PN-®-3). Control and
PN-O groups received sham IP injections of 0.9% NaCl. Hepatic histology, TG and cholesterol,
MTP activity, and PPAR-a messenger RNA were assessed after 19 days.

Results—In all experimental groups, PN feeding increased hepatic TG and MTP activity
compared with controls. Both PN-O and PN-»-6 groups accumulated significantly greater
amounts of TG when compared with PN-w-3 mice. Studies in PPAR-a null animals showed that
PN feeding increases hepatic TG as in wild-type mice. PPAR-a null mice in the PN-O and PN-
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-6 groups demonstrated variable degrees of hepatic steatosis, whereas no evidence of hepatic fat
accumulation was found after 19 days of oral PN plus IP ©-3 FAs.

Conclusions—PN induces TG accumulation (steatosis) in wild-type and PPAR-a null mice. In
PN-fed wild-type and PPAR-a null mice given IP ©-3 FASs, reduced hepatic TG accumulation and
absent steatosis are found. Prevention of steatosis by -3 FAs results from PPAR-a—independent

pathways.
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Introduction

Parenteral nutrition—associated liver disease (PNALD) may be characterized by cholestasis,
steatohepatitis, fibrosis, and cirrhosis. This complication of therapy is a common occurrence
in children, particularly in premature infants, who receive long-term parenteral nutrition
(PN).173 Studies in both rodent and piglet models of PNALD have shown that hepatic
steatosis is a precursor to more severe liver damage.*~ Studies of nonalcoholic fatty liver
disease (NAFLD) have demonstrated that hepatic lipid accumulation results from an
imbalance between de novo lipogenesis, fatty acid (FA) oxidation, and/or triglyceride (TG)
secretion.8 These mechanisms may also be implicated in hepatic steatosis occurring as a
consequence of long-term PN.

Several molecular mediators are known to be involved in the pathogenesis of hepatic
steatosis. In particular, absent or decreased activity of microsomal triglyceride transfer
protein (MTP), a rate-limiting intracellular chaperone responsible for the assembly and
secretion of apoB100-containing very low-density lipoprotein (VLDL),? has been correlated
with lipid accumulation in a variety of conditions, including abetalipoproteinemia, drug-
induced liver injury, and chronic hepatitis C.%-14 Both the expression and functional activity
of MTP have increased via activation of the peroxisome proliferator-activated receptor—a
(PPAR-a).2® This nuclear receptor regulates the transcription of genes for key enzymes
promoting p-oxidation and lipid clearance from hepatocytes. Consistent with these findings,
stimulation of PPAR-a by its synthetic agonist, Wy-14643, significantly reduces
steatohepatitis in a murine model.18 In human NAFLD therapeutic trials, however, the
effects of fibrates, PPAR-a agonists, have yielded mixed results.1”~19 In recent years,
emerging evidence has linked another naturally occurring ligand for PPAR-a, -3
polyunsaturated FA, to the regulation of lipogenesis. Accordingly, several animal studies of
PNALD have demonstrated that intravenous (IV) or enteral supplementation with -3 FAs
results in reduced hepatic steatosis and lower serum TG levels when compared with
nutrition supplementation with standard IV lipid emulsions rich in -6 FAs.29-23 Although
the anti-inflammatory role of ®-3 FAS, acting as a potent inhibitor of arachidonic acid—
derived eicosanoids, has been well characterized, 24 the mechanisms for this protective
effect in PN-induced hepatic steatosis are still not clear. One current hypothesis states that
©-3 FAs may enhance FA p-oxidation, as well as inhibit de novo lipogenesis.25-27 To date,
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however, the possible interrelationships among -3 FA, MTP, and PPAR-q in the
etiopathogenesis of PNALD have not been elucidated.

In the present study, we tested the hypothesis that “protection” of hepatic parenchyma from
PN-associated lipid accumulation by ®-3 FAs could, in part, be the consequence of an MTP
and/or a PPAR-a—mediated pathway. Employing a murine model of PN-induced hepatic
steatosis, we investigated the effects on intrahepatic lipid accumulation of oral feeding with
a dextrose/amino acid solution, given alone and in concert either with intraperitoneal (IP)
®-3 FAs or with IP »-6 FA-based lipid emulsions (a previously validated model mimicking
IV administration28.2%). These data were also correlated with hepatic MTP expression.
Employing the same experimental model in PPAR-a knockout mice, hepatic steatosis was
also examined as a consequence of these feeding regimens.

Materials and Methods

Animals and Diet

The Animal Care and Use Committee of the State University of New York Downstate
Medical Center approved the protocol. Six-week-old male 129S1/SvimJ mice (19-22 g;
Jackson Laboratory, Bar Harbor, ME) were divided into 4 groups. Group 1 controls (C)
were fed a standard chow diet (Purina 5008; Nestle Purina, St Louis, MO) containing 6.5%
fat (17.3% of calories), 47% carbohydrates (55.1% of calories), and 23.5% protein (27.6%
of calories), as well as water ad libitum. Group 2 (PN-O) received ad libitum PN solution in
water bottles with no other source of hydration or nutrition. The PN solution was identical to
that used in the neonatal intensive care unit and was composed of 20% dextrose, 2%
essential and nonessential amino acids (TrophAmine; B. Braun Medical, Englewood, NJ),
30 mEg/L sodium, 20 mEg/L potassium, 15 mEg/L calcium gluconate, 10 mEq/L
magnesium, 10 mmol/L phosphate, 5 mEq/L acetate, 30 mEg/L chloride, 0.2% pediatric
trace elements (American Regent, Shirley, NY), and 0.5% pediatric multivitamins (MVI
Pediatric; aaiPharma, Wilmington, NC). Bottles were replaced daily with fresh solution and
the consumption measured. Group 3 (PN-w6) received the same PN solution in water bottles
ad libitum with IP injections every other day (6 mg/g body weight) of 20% Intralipid (Baxter
Healthcare/Fresenius Kabi, Bod Homburg, Germany). The ratio of ®-6 FA to -3 FA in
Intralipid was 5.5:1. Group 4 (PN- ®3) received the same PN solution ad libitum plus IP
injections every other day of an ®-3 FA lipid emulsion (Omegaven; Fresenius Kabi; 6 mg/g
body weight). To simulate all experimental conditions, animals in the control and PN-O
groups received IP sham injections with the same volume of 0.9% NaCl. All animals were
weighed every third day and received their designated diets for 19 days prior to study. For
all studies, 3 sequential experiments were performed, therefore allowing repeated
corroboration of results in similarly treated groups of 5-6 animals per group per experiment.
These studies are summarized as follows:

e Experiment 1 = C vs PN-O group
»  Experiment 2 = C vs PN-O vs PN-®-6 groups
»  Experiment 3 = C vs PN-O vs PN-w-6 vs PN-®-3 groups
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Animals were studied after 19 days. Prior to investigation, no IP injections were
administered for 24 hours and animals were fasted for 6 hours. Mice were anesthetized with
0.1 mL of IP nembutal sodium (50 mg/mL), weighed, killed, and plasma and livers
collected. Liver specimens were snap frozen in liquid nitrogen and stored at —70°C until use.
For ease of comparison, data are combined for animals in each specific feeding group over
all experiments. In a subsequent study, separate but identical experiments were conducted
using 8-week-old male PPAR-a knockout mice (12954/SvJaePpara™Gonz/J; Jackson
Laboratories). Four groups (each group n = 5) of PPAR-a knockout animals (control, PN-O,
PN-w-6, and PN—w-3) were studied as described above.

Histopathology

Liver sections were stained with hematoxylin and eosin. A single pathologist (V.A.), blinded
to the feeding regimens, scored steatosis according to the NASH Clinical Research
Network3? as follows: grade 0 (<5% steatotic hepatocytes), grade 1 (<33%), grade 2 (33%-—
66%), and grade 3 (>66%). Hepatocyte ballooning was graded from 0-2 as follows: 0 =
none, 1 = few balloon cells, and 2 = many/prominent balloon cells.

Plasma and Hepatic Lipid Measurements

Plasma total cholesterol and TG were measured using commercial Kits, after precipitation of
apoB lipoproteins.3! Hepatic lipids were extracted from tissue homogenates, using the Bligh
and Dyer32 procedure, and quantified.

MTP Activity Determination

Liver sections (0.1 g) were washed, homogenized in a glass homogenizer using 1 mM Tris-
HCI (pH 7.6) buffer with 1 mM EDTA plus 1 mM MgCl,, and centrifuged, and supernatants
were collected to measure MTP activity as previously described33 using a standard kit
(Chylos, Woodbury, NY).

RNA Quantification

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA). Purity and integrity were
assessed by the A260/A280 ratio. RNAs with ratios >1.7 were used for complementary
DNA (cDNA) synthesis. The first-strand cDNA was synthesized with an Omniscript RT kit
(QIAGEN, Valencia, CA) and used for quantitative reverse transcription polymerase chain
reaction (RT-PCR) (SYBR Green I; Eurogentec, Fremont, CA). Forward 5’-
GTGGCTGCTATAATTTGCTGTG-3 and reverse 5~
GAAGGTGTCATCTGGATGGGT-3’ primers were used for PPAR-a messenger RNA
(mRNA) quantifications. Data were analyzed using the AACt method.

Statistical Analysis

Data are presented as mean = SD. Statistical significance (P < .05) was determined using the
Student t test for comparison between 2 individual groups and analysis of variance for
comparisons of all groups.

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2015 March 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prince et al. Page 5

Results
Diet and Body Weight Gain

Consistent with published standards of a mean daily calorie intake in 20-g mice,2° all groups
consumed approximately 15 mL/d of PN solution, equivalent to 500 kcal/kg/d plus 10
g/kg/d of protein. All groups gained weight, and no differences in the percent weight change
were found among groups over the 19 days of the protocol (Figure 1).

Hepatic Histology

Histologic examination of liver tissue showed changes consistent with hepatic steatosis in
both PN-O and PN-w-6 mice (Figure 2B,C), with lipid accumulation appearing less
prominent in the PN-w-6 group. By contrast, little hepatic lipid accumulation was observed
in histopathologic sections from control and PN-w-3 feeding groups (Figure 2A,D).

Effects of w-3 FAs on Hepatic and Plasma Lipids

Significant increases in hepatic TG content were noted in all animals that received PN
compared with controls (Figure 3). However, hepatic TG content was significantly lower in
the PN-®-3 group compared with the PN-O and PN-®-6 groups. No differences in hepatic
cholesterol levels were found among feeding groups receiving PN, whereas hepatic
cholesterol levels in all experimental groups were higher than in controls. Plasma TG in all
experimental groups trended higher when compared with controls. Plasma TG also trended
lower in the PN-»-3 group when compared with PN-O and PN-w»-6 animals (Figure 4).
However, these differences did not reach statistical significance. No significant changes in
plasma total cholesterol and non-high-density lipoprotein cholesterol levels were found
among these feeding groups (data not shown).

Hepatic MTP Activity

Hepatic MTP activity was significantly increased in all PN groups compared with controls
(Figure 5). MTP activities in PN-»-6 and PN—-®-3 mice were similar, and both feeding
groups demonstrated significantly increased MTP activity when compared with PN-O mice.

Effects of PPAR-a on Intrahepatic Lipid Accumulation

In studies comprising wild-type mice, PPAR-a mRNA levels trended higher in PN-O, PN-
-6, and PN-w-3 groups, although differences did not reach statistical significance (Figure
6). To directly examine the potential influence of PPAR-a expression in preventing or
ameliorating PN-associated steatosis, an identical group of experiments was conducted in
PPAR-a knockout mice. In these animals, as in wild-type mice, hepatic TG levels, when
compared with controls, were significantly increased in PN-O, PN—»-6, and PN-»-3
groups. However, TG levels were significantly lower in PN—-w-3 animals when compared
with PN-O and PN-w-6 groups (Figure 7). No significant differences with respect to hepatic
cholesterol levels were noted among the feeding groups. These studies indicate that PN
induces hepatic TG accumulation in PPAR-a knockout mice as in wild-type mice and that
-3 FA supplementation ameliorates hepatic steatosis both in wild-type and in PPAR-a null
animals.
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Effects of PPAR-y on Hepatic Lipid Accumulation

Because -3 polyunsaturated FAs and their metabolites have also been reported to be
natural ligands and activate PPAR-y in certain cells (eg, adipocytes),343° parallel studies
were conducted to examine the potential role of PPAR-y activation in affecting PN-
associated hepatic lipid accumulation. Previous studies have shown that pioglitazone, a
thiazolidinedione derivative, is a selective PPAR-y agonist.36:37 Control (wild-type) and
PPAR-a knockout mice groups received the PN—w-6 regimen and were treated with 25
mg/kg pioglitazone every other day or vehicle by gavage feeding (20 L total volume).38
Hepatic TG levels after 19 days were significantly higher in both PPAR-a knockout
subgroups when compared with controls (Figure 8). However, pioglitazone treatment and,
hence, PPAR-y activation per se, both in control and in PPAR-a null mice, did not exert a
significant influence on hepatic lipid accumulation (Figure 8).

Discussion

The data presented herein demonstrate that mice receiving oral PN solution (PN-O), without
added lipid, exhibit marked hepatic steatosis after a 19-day feeding period. When this
dietary regimen is combined with either IP ©-6 FAs or ®»-3 FAs over the same study
duration, reduced histopathologically identified steatosis, compared with PN-O animals, is
noted. Importantly, the magnitude of this observed reduction in steatosis, associated with a
significant reduction in hepatic TG content, is more profound in association with ®-3 FA
administration.

PPAR-a activity was previously thought to be an essential factor involved in preventing or
ameliorating steatohepatitis in similar experimental models. However, in parallel studies
employing the PPAR-a knockout mouse model reported here, these findings suggest that the
protective effects of ©-3 FAs are independent of changes in PPAR-a activity. Accordingly,
these results suggest that w-3 FA-rich lipid emulsions, in a PN regimen, prevent hepatic TG
accumulation as a consequence of alternative mechanisms that remain to be elucidated.
Although prior studies in mice, using comparable feeding protocols, have reported similar
-3 FA effects on hepatic lipid deposition, our studies represent, to our knowledge, the first
attempts to examine specific molecular mechanisms potentially involved in regulating these
metabolic events.?1

In these experiments, we did not employ a traditional animal model of PN, delivered via an
indwelling IV catheter. Previous reports have shown that oral fat-free PN feeding causes
hepatic steatosis in mice similar to that seen in animals receiving IV PN.21 This model is
easy to manage, avoids complications of 1V catheter placement and sepsis, and allows
longer administration of PN, thus mimicking the treatment in human infants. To
approximate the metabolic responses to parenteral lipid administration and, again, to limit
complications related to 1V catheter insertion and management, all lipid supplements were
provided via the IP route. Following IP administration, lipid is absorbed directly into the
bloodstream. This method of lipid supplementation has previously been reported to be a
valid surrogate for 1V lipid delivery in 2 animal models, while obviating the trauma and
morbidity of indwelling central lines or tail-vein injections.282% Sham IP injections (0.9%
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NaCl) were carried out in control and PN-O mice, to confirm that IP injections per se did not
influence nutrient consumption, weight gain, or other experimental findings.

Previous murine models have demonstrated that, similar to findings in the PN-O group, a
high-carbohydrate, fat-free diet results in increased hepatic TG content.3° Thus, the findings
of marked hepatic steatosis in this feeding group are not surprising. Administration of either
fat-free diets (as in the PN-O group) or diets exceedingly low in y-linolenic acid or in
linoleic acid (the major lipid species provided to the PN—w-6 group) may also precipitate
essential FA (EFA) deficiency, a state that could represent a confounding variable in these
investigations. This condition is mediated by the sterol regulatory element binding protein-1,
a transcription factor activating genes involved in FA synthesis.*041 Plasma FA profiles
and, specifically, the triene to tetraene FA ratio as a measure of EFA deficiency were not
measured in these studies. However, prior investigations have shown that the amount of
lipid provided to both PN-»-6 and PN—»-3 groups meets the established murine dietary
requirements for EFA 42 either as linoleic acid (PN—»-6) or by supplying sufficient amounts
of arachidonic acid (PN— ®-3),2! the FA metabolically downstream from linoleate.
Nevertheless, the role of subclinical EFA deficiency cannot be ruled out, particularly in the
PN-O feeding group. Published studies have demonstrated biochemical EFA deficiency in a
murine model within a 19-day feeding period, employing a lipid-free oral PN solution.43:44
Furthermore, this feeding regimen, over the same feeding period, has been validated as a
model for studying the role of EFA deficiency in the etiopathogenesis of hepatic steatosis.**

The role of MTP is thought to be pivotal in the intrahepatic transport of dietary lipid. MTP
catalyzes the transfer of TGs to apoB100, a key step in the hepatocellular formation and
secretion of VLDL particles.®14 We hypothesized that increased hepatic deposition and
decreased plasma apoB lipoproteins in mice fed oral PN solution, with or without IP lipid,
could be a consequence of reduced MTP activity. However, in contrast to available human
and animal studies showing decreased MTP activity in hepatic steatosis,10-14 we found that
MTP activity was elevated in all experimental groups compared with chow-fed controls. In
addition, no significant differences in MTP activity were noted between PN-®-6 and PN-
-3 groups, suggesting that w-3 FA-associated prevention of hepatic steatosis was not
specifically mediated by MTP upregulation. Thus, MTP deficiency does not play a role in
PN-induced hepatosteatosis.

Several recent studies have proposed that m-3 FA ameliorates hepatic steatosis and reduced
hepatic TG content by activation of PPAR-a, an important transcription factor in MTP
upstream signaling.*>-4” PPAR-a, acts as a sensor of FA levels in the hepatocyte, promotes
FA oxidation in both peroxisomes and mitochondria, and increases hepatic FA
secretion.*®~47 PPAR-a—induced increases in the secretion of apoB100 have been shown to
be mediated by increased MTP activity, in parallel with upregulation of MTP
transcription.1® In our study, liver PPAR-a mRNA levels in wild-type mice trended higher
in all 3 groups receiving PN, when compared with controls; however, these differences did
not reach statistical significance. Most important in this regard is the observation that ©-3
FA-mediated inhibition of hepatic lipid accumulation is not abrogated in PN-fed, PPAR-a
knockout mice. Consistent with these findings, no difference in liver mMRNA for carnitine
pal-mitoyl transferase-1 (CPT-1) was seen between PN-w-6 and PN—-w-3 wild-type murine
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groups (data not shown). CPT-1 is a rate-limiting enzyme in FA oxidation that undergoes
regulation by PPAR-a. Thus, these results suggest that activation of PPAR-a is unlikely to
play a significant role in mediating the protective effect of ®-3 FA in this experimental
model. Also, the observed increase in MTP activity in PN-fed groups appears more likely to
represent a compensatory response to hepatocellular lipid accumulation.

-3 Polyunsaturated fatty acids have been shown to also activate PPAR-y in specific tissue
cells, including both adipocytes and hepatocytes. Additional studies were conducted to
examine the possible influence on hepatic lipid accumulation of PPAR-y upregulation by the
thiazolidinedione derivative, pioglitazone. Hepatic lipid content both in wild-type and in
PPAR-a knockout animals receiving PN-»-6 was not significantly altered by pioglitazone
treatment. Interestingly, recent studies have cast doubt on a protective role for PPAR-y in
hepatic steatosis. Thus, chronic activation of PPAR-y by antidiabetic thiazolidinediones has,
in fact, been shown to induce hepatic lipid accumulation,*8 and, in leptin-deficient mice,
hepatic steatosis is promoted by the PPAR-y target gene, fatspecific protein 27.49

To clarify the pathogenesis of PNALD and the mechanisms underlying the protective role of
-3 FA, future studies should focus on molecular pathways involved in hepatic lipid
homeostasis, other than MTP, PPAR-a, and PPAR-y. For example, 1 recent study has
shown that experimental steatohepatitis, occurring as a consequence of lipoperoxide
accumulation, cannot be prevented by a diet enriched with »-3 FA but deficient in
methionine and choline.>0 This finding was noted despite -3 FA-associated activation of
PPAR-a and suppression of de novo hepatic lipogenesis. Another nuclear receptor, liver
xenobiotic receptor (LXR), has recently been characterized as countering PPAR-a—mediated
effects on lipid metabolism.>1 LXR switches on several genes involved in FA synthesis and
thus increases hepatic TG-rich VLDL production.>2:53 Activation of both LXR and PPAR-a
may be dependent on their interactions with the same retinoid xenobiotic receptor.®!
Considering the influences of these interactions on hepatocellular lipid metabolism, studies
should investigate whether LXR signaling is influenced by -3 FA in this experimental
model.

Other dietary factors associated with PN administration and possibly independent of PPAR
activation may also exert important and, as yet, not fully characterized influence on hepatic
lipid metabolism and the expression of PNALD. For example phytosterols, present in
variable amounts in lipid emulsions, accumulate in patients receiving soya oil-based
products.>* Biologic activities of phytosterols include disruption in nuclear receptor
signaling, proinflammatory signal activation, and increased cellular apoptosis®®;
phytosterolemia also has been linked to cholestatic liver disease.>* The administration of
lipid emulsions rich in ©-3 FAs has also been associated with significantly reduced
oxidative stress in human infants. In a recent double-blind, randomized trial comparing
infants receiving an -3 FA-rich PN regimen with those receiving a standard »-6 FA-based
lipid emulsion, total antioxidant potential and vitamin E levels were significantly increased
in those receiving ®-3 FAs.%6 Future investigations must address these, as well as the other
dietary elements and endogenous molecular signaling species described herein, to improve
our understanding of those factors involved in the development, promotion and, importantly,
prevention of hepatic steatosis and steatohepatitis during long-term PN.
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Clinical Relevancy Statement

Parenteral nutrition—associated liver disease (PNALD) represents a common
complication, especially in preterm infants, of long-term central venous alimentation.
Although the precise factors underlying the progression from hepatic steatosis to
steatohepatitis and, ultimately, to cirrhosis, have not been fully elucidated, available
studies indicate that both excess carbohydrate and lipid calories play an etiopathogenic
role. Currently available lipid emulsions for parenteral nutrition (PN) are rich in -6 fatty
acids (FAs). Recent evidence, however, indicates that lipid supplements composed
predominantly of ®-3 FAs may be protective against the development of PNALD in both
animal models and humans. The present study aims to examine specific
intrahepatocellular factors accounting for this protective effect, employing a murine
model of PN.
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Figure 1.
Body weight changes in chow-fed control, PN-O, PN-w-6, and PN-w»-3 groups. Values are

presented as % baseline weights. PN-O, oral, fat-free parenteral nutrition (PN) solution only;
PN-®-6, PN-O plus intraperitoneal (IP) w-6 fatty acid (FA)—predominant supplements; PN—
®-3, PN-O plus IP »-3 FA.
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Figure 2.
Representative hematoxylin and eosin—stained sections from liver tissue of mice. (A)

Control group shows normal hepatocytes with absence of either steatosis or ballooning
degeneration. (B) The PN-O group demonstrates severe steatosis (grade 3), with ballooning
degeneration (grade 2). (C) The PN—w-6 group shows mild steatosis (grade 1) with
ballooning degeneration of some hepatocytes. (D) The PN-w-3 group shows normal
hepatocytes with absence of either steatosis or ballooning degeneration. In these sections,
examples of steatosis are indicated by the long arrows and ballooning degeneration by the
short arrows (A, B, D = x10 magnification; C = x20 magnification). PN-O, oral, fat-free
parenteral nutrition (PN) solution only; PN-®-6, PN-O plus intraperitoneal (IP) w-6 fatty
acid (FA)—predominant supplements; PN-w-3, PN-O plus IP ©-3 FA.
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Figure 3.
Quantitative comparisons of hepatic triglycerides and (top) and cholesterol (bottom). Values

are presented as means + SD for the 4 feeding groups (***P < .001, compared with
controls; *+*P < .001, compared with controls; and P < .005, compared with PN-O and PN-
®-6). PN-O, oral, fat-free parenteral nutrition (PN) solution only; PN-»-6, PN-O plus
intraperitoneal (IP) -6 fatty acid (FA)—predominant supplements; PN-w-3, PN-O plus IP
-3 FA.
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Figure 4.

Quantitative comparisons of plasma triglycerides. Values are presented as means + SD for
the 4 feeding groups (P = not significant, among all feeding groups). PN-O, oral, fat-free
parenteral nutrition (PN) solution only; PN-w»-6, PN-O plus intraperitoneal (IP) -6 fatty
acid (FA)—predominant supplements; PN-®-3, PN-O plus IP ©-3 FA.
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Figure 5.
Hepatic microsomal triglyceride transfer protein (MTP) activity in controls, PN-O, PN-®-6,

and PN-w-3 groups. Values are shown as means + SD (**P < .005, compared with controls;
***pP < 001, compared with controls and PN-O). PN-O, oral, fat-free parenteral nutrition
(PN) solution only; PN—-m-6, PN-O plus intraperitoneal (IP) w-6 fatty acid (FA)—
predominant supplements; PN-w-3, PN-O plus IP ®-3 FA.
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Figure 6.
Hepatic peroxisome proliferator-activated receptor—a (PPAR-a) messenger RNA (mMRNA)

in controls, PN-O, PN-w-6, and PN-w-3 groups. Values are shown as means + SD (P = not
significant among all groups). PN-O, oral, fat-free parenteral nutrition (PN) solution only;
PN-wm-6, PN-O plus intraperitoneal (IP) -6 fatty acid (FA)—predominant supplements; PN—
®-3, PN-O plus IP o-3 FA.
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Figure 7.

Hepatic triglyceride (TG) (top) and cholesterol (bottom) content in peroxisome proliferator-
activated receptor—a knockout mice (*P < .05, compared with controls; **P < .01,
compared with controls and PN-»-3). PN-O, oral, fat-free parenteral nutrition (PN) solution
only; PN-w-6, PN-O plus intraperitoneal (IP) w-6 fatty acid (FA)—predominant
supplements; PN-»-3, PN-O plus IP ©-3 FA.
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Figure 8.
Hepatic triglyceride (TG) (top) and cholesterol (bottom) in wild-type (controls) and

peroxisome proliferator-activated receptor—-a (PPAR-a) knockout (KO) mice. Study groups
received the PN-»-6 regimen, either alone (PN-w6) or supplemented with oral pioglitazone
(PN-mw-6 + Pio) (*P < .05, **P < .01, compared with controls). PN-O, oral, fat-free
parenteral nutrition (PN) solution only; PN-w»-6, PN-O plus intraperitoneal (IP) -6 fatty
acid (FA)—predominant supplements; PN—-w-3, PN-O plus IP ©-3 FA.
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