May 2006

Review

Biol. Pharm. Bull. 29(5) 855—862 (2006) 855

Soybean Oil Fat Emulsion to Prevent TPN-Induced Liver Damage: Possible

Molecular Mechanisms and Clinical Implications

Masuhiro NisHIMURA,*“ Mari YamacucH,” Shinsaku Narto,” and Aiko YamaucHr”

“ Division of Pharmacology, Drug Safety and Metabolism, Otsuka Pharmaceutical Factory, Inc.; 115 Tateiwa,
Muya-cho, Naruto, Tokushima 772-8601, Japan: and ® Department of Pharmaceutical Information Science,
Graduate School of Pharmaceutical Science, The University of Tokushima, 1-78 Sho-machi,
Tokushima 770-8505, Japan.

Received February 3, 2006

Long-term total parenteral nutrition (TPN) is known to be associated with cholestasis and hepatic steatosis,
which can be lethal in infants who cannot be fed orally. The present review focuses on the metabolic complica-
tions in the liver that may occur due to the excessive administration of fat-free TPN. We have recently developed
an infant rat model of hepatic dysfunction and steatosis induced by overdose of fat-free TPN. In this model,
plasma levels of liver enzymes in the fat-free TPN group were found to be significantly higher than in the other
groups (i.e., the oral diet and fat-containing TPN groups). Pathological examination showed hepatomegaly and
severe fatty changes without cholestasis in the liver of infant rats that received fat-free TPN. We clearly demon-
strated that the addition of soybean oil emulsion to the TPN regimen prevented hepatic dysfunction and fatty
changes. In the present review, we discuss the molecular mechanism of the hepatic dysfunction induced by fat-
free TPN and the role of soybean oil fat emulsion in the TPN regimen. We also discuss the clinical implications of
soybean oil-containing TPN solutions and point out the importance of including fat in the TPN regimen in order

to prevent the hepatic abnormalities associated with the excessive administration of fat-free TPN.
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INTRODUCTION

Total parenteral nutrition (TPN), which is recognized as
one method for parenteral hyperalimentation, has been found
to be an effective and relatively safe method for supplying
energy and nutrients to surgical patients. Following improve-
ments in parenteral regimens including vitamins and trace
elements and in catheter techniques to reduce the septic com-
plications associated with TPN, TPN has been widely em-
ployed to provide complete nutritional support and therapeu-
tic benefits in a variety of pathophysiological settings in
which patients are unable to eat. However, TPN-induced
hepatobiliary dysfunction, which was first described by
Peden et al.,” has been recognized as a cause of severe mor-
bidity and a life-threatening complication of TPN, especially
in neonates and infants. Hepatic dysfunction with steatosis is
the most common complication associated with fat-free TPN
in adults, and cholestasis is more common in infants.>> Re-
cently, the 3-component infusion solution containing amino
acids, glucose, and soybean oil emulsion, GA-1080 (MIXID®,
Otsuka Pharmaceutical Factory, Inc.; Tokushima, Japan), has
been demonstrated to be effective in overcoming such
hepatic morbidity in clinical studies.”’ Intravenous fat emul-
sions, especially soybean oil, are now available as a source of
essential fatty acids in patients receiving TPN, and the
“three-in-one” solution GA-1080 has been found to be clini-
cally safe, stable, and economical. However, the multifactorial
pathogenesis of TPN-induced hepatic dysfunction remains
unclear, and the molecular mechanisms by which GA-1080
prevents hepatic dysfunction have not yet been identified.

We have recently developed an infant rat model of hepato-
biliary dysfunction.” Using this animal model, we have
clearly demonstrated the metabolic complications in the liver
that may occur due to the excessive administration of fat-free
TPN in infant rats. Furthermore, we have shown that includ-
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ing fat in the TPN regimen is very important in preventing
TPN-induced hepatic dysfunction. In this review, we describe
the molecular mechanisms and the clinical implications of
soybean oil in TPN solutions in avoiding the hepatic compli-
cations associated with parenteral nutrition.

INFANT RAT TPN MODEL WITH HEPATOBILIARY
DYSFUNCTION

Since the first studies of TPN in animal models conducted
in 1968 by Dudrick er al.,” it has been known that only a
limited number of species (such as the dog, cat, rabbit, and
guinea pig) can tolerate the surgical procedures required for
TPN, and few studies have employed rats as an animal model
for TPN. In 1981, Tashiro and Meng” were the first to report
a technique for long-term TPN in unrestrained weanling or
infant (3-week-old) rats, thus establishing an animal model
for pediatric TPN. Numerous studies have focused on the op-
timal TPN composition in mature rats, but few have ad-
dressed this issue in infant rats.

We have recently developed an infant rat model with he-
patic dysfunction and steatosis induced by overdose of fat-
free TPN.” After 30 infant (3-week-old) male Sprague-Daw-
ley rats weighing 60—70 g were fasted overnight, a silastic
catheter (0.5-mm ID) was implanted under general anesthe-
sia with diethyl ether. The catheter was surgically inserted
via the right jugular vein into the superior vena cava and was
routed to the back of the neck to exit through a coil spring at-
tached to a swivel, allowing free mobility of the animals
within their individual metabolic cages. Infusion was started
immediately after cannulation at 3 ml/’kg body weight/h for
the first 12 h and then increased in a stepwise manner to 10,
20, and then 30 ml/kg/h every 12h. On the third day, the
dosage was increased to 40 ml/kg/h (i.e., full-dose TPN) and
maintained at that level thereafter. The total experimental pe-
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Fig. 2. Biochemical Examination (Serum AST, ALT, and Total and Direct
Bilirubin) in Infant Rats That Received TPN for 4 d

Values are mean=S.D. (n=6—38). The statistical significance of differences between
values was analyzed by Tukey’s test. Significant difference at s p<<0.001 vs. oral diet
group, 1tp<<0.01 and 1 p<<0.001 vs. fat-free TPN group. T-Bil: total bilirubin, D-Bil:
direct bilirubin.

riod was 4d, and continuous infusion was maintained (Fig.
1). In the serum biochemical analysis, aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), total bilirubin
(T-Bil), and direct bilirubin (D-Bil) levels were significantly
higher in the group that received excessive administration of
fat-free TPN than in the oral diet group®® (Fig. 2). In the
morphological study, the livers of rats that received fat-free
TPN were found to have large lipid droplets in all hepato-
cytes, which showed hypertrophy with eosinophilic granular
cytoplasm.>® Unicellular necrosis of some hepatocytes, un-
clear sinusoids, neutrophilic infiltration in Glisson’s capsule,
and enlarged Kupffer cells in the centrilobular region were
also observed as hepatic morbidity.>

TPN-induced hepatic dysfunction is generally said to ex-
press itself as fatty changes in the liver, but in infants, it is
said to express itself as cholestasis.>* °~'" The results of our
study indicated that TPN-induced hepatic dysfunction is as-
sociated with biochemical, but not pathologically apparent,
cholestasis in infant rats. This is in contrast to the findings in
infant rabbits, which are the same as in human infants, in
which TPN-induced hepatic dysfunction has been reported to
be associated with cholestasis both biochemically and patho-
logically.'? In rats, particularly in infant rats, there have so
far been no reports in the literature indicating that TPN-in-
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duced hepatic dysfunction represents itself both biochemi-
cally and pathologically as cholestasis due to the peculiarities
of rat physiology. Therefore, TPN-induced hepatic steatosis
is thought to be due to hepatic immaturity only during in-
fancy.

ROLE OF SOYBEAN OIL FAT EMULSION IN THE PRE-
VENTION OF TPN-INDUCED LIVER DAMAGE

It should be noted that hepatic dysfunction is the most
common complication associated with TPN. Several methods
for preventing such hepatic dysfunction have been reported,
such as the use of cyclic TPN'® or the administration of ur-
sodeoxycholic acid,'” metronidazole,'® gentamicin,'® anti-
TNF antibody,'” cholecystokinin,'®!” glutamine,®* or
steroids and growth hormone. Nevertheless, the problem of
hepatic dysfunction in patients receiving TPN has yet to be
completely overcome, and the mechanism of TPN-induced
hepatic steatosis remains unclear.

Our experimental model was developed primarily to com-
pare the hepatic changes observed in fat-free and fat-contain-
ing TPN in infant rats. The levels of AST, ALT, T-Bil, and D-
Bil were significantly higher in the fat-free TPN group than
in either the fat-containing TPN or oral diet groups, indicat-
ing that the liver damage was associated with fat-free TPN>®
(Fig. 2).

In general, the livers of the rats in the TPN groups showed
fatty changes with lipid staining using oil red O, although the
livers of the rats in the oral diet group showed the accumula-
tion of glycogen in hepatocytes, a rough endoplasmic reticu-
lum (RER) with a clear layer structure, and a few small fat
droplets.” In the fat-free TPN group, the livers were found to
have large lipid droplets in all hepatocytes, which showed hy-
pertrophy with eosinophilic granular cytoplasm. Unicellular
necrosis of some hepatocytes, unclear sinusoids, neutrophilic
infiltration in Glisson’s capsule, and enlarged Kupffer cells in
the centrilobular region were also observed>® (Fig. 3). No
differences were noted between the perilobular and centrilob-
ular regions. All hepatocytes in the rats in the fat-free TPN
group had large lipid droplets and showed an absence of
glycogen, nuclear vacuoles, nucleolar enlargement, expan-
sive round mitochondria, fragmentation of the RER, and a
partial loss of biliary microvilli in, as well as dilatation of,
the biliary canaliculi. When compared with the fat-free TPN
group, the 20% fat-containing TPN group was found to have
smaller lipid droplets in all hepatocytes in the perilobular re-
gion and smaller vacuoles in all hepatocytes in the centrilob-
ular region (Fig. 3). The hepatocytes in rats in the fat-con-
taining TPN group were found to have small lipid droplets
and to show an accumulation of glycogen and an RER with a
well maintained clear layer structure in enlarged Kupffer
cells with numerous lysosomes including small lipid
droplets. Those pathomorphological findings clearly demon-
strated that the addition of soybean oil emulsion to the TPN
regimen prevented hepatic dysfunction and fatty changes.

MOLECULAR MECHANISM OF STEATOSIS INDUCED
BY FAT-FREE TPN AND ROLE OF SOYBEAN OIL FAT
EMULSION IN TPN REGIMEN

In order to clarify the mechanism of the hepatic dysfunc-
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Fig. 3. Hepatic Changes in Infant Rats Receiving
TPN with or without Fat

The upper and lower panels are H&E staining and oil red
O staining, respectively. A: oral diet group, B: fat-free TPN
group, C: 20% fat-containing TPN group. (This photograph
was originally presented in the Journal of Japanese Society
for Parenteral and Enteral Nutrition Vol. 19, 2004 and pre-
sented here with its permission.)
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Fig. 5. Mechanism of Fat-Free TPN-Induced Hepatic Steatosis

LC-ACS: long-chain acyl-coenzyme A synthetase, CPTI: carnitine palmitoyltrans-
ferase I, CPTII: carnitine palmitoyltransferase II, LCAD: long-chain acyl-coenzyme A
dehydrogenase, ECH: enoyl-coenzyme A hydratase, HAD: L-3-hydroxyacyl coenzyme
A dehydrogenase.

Fig. 4. Changes in G6Pase, ACC, LC-ACS, CPTI, CPTII, LCAD, ECH, and HAD mRNA Expres-
sion in Infant Rats That Received TPN for 4 d

Data are expressed as the ratio of the target mRNA to S-actin mRNA. Values are mean+S.D. (n=6—2S). The sta-
tistical significance of differences between values was analyzed by Tukey’s test. Significant difference at * p<<0.05,
#% p<0.01, and s p<<0.001 vs. oral diet group, 7p<<0.01 and 1p<<0.001 vs. fat-free TPN group. G6Pase: glu-
cose-6-phosphatase, ACC: acetyl-coenzyme A carboxylase, LC-ACS: long-chain acyl-coenzyme A synthetase,
CPTI: carnitine palmitoyltransferase I, CPTII: carnitine palmitoyltransferase II, LCAD: long-chain acyl-coenzyme
A dehydrogenase, ECH: enoyl-coenzyme A hydratase, HAD: L-3-hydroxyacyl coenzyme A dehydrogenase.
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tion induced by fat-free TPN, we measured the hepatic
mRNA levels of enzymes related to the metabolism of sugar
and fatty acid using the high-sensitivity real-time RT-PCR
method as described previously.?” The mRNA expression of
B-actin, a housekeeping gene, showed no up- or down-regu-
lation following the administration of TPN regimens with or
without fat. The mRNA level of glucose-6-phosphatase
(G6Pase), which plays a pivotal role in gluconeogenesis,
decreased following the administration of fat-free TPNY
(Fig. 4), suggesting a decrease in the accumulation of sugar
as glycogen in the liver. The mRNA levels of long-chain
acyl-coenzyme A synthetase (LC-ACS), carnitine palmitoyl-
transferase I (CPTI), carnitine palmitoyltransferase II (CPTII),
long-chain acyl-coenzyme A dehydrogenase (LCAD), enoyl-
coenzyme A hydratase (ECH), and L-3-hydroxyacyl coen-
zyme A dehydrogenase (HAD) decreased following the ad-
ministration of fat-free TPN (unpublished observations)
(Fig. 4). On the other hand, the mRNA level of acetyl-coen-
zyme A carboxylase (ACC), which plays a pivotal role in
lipid synthesis, increased markedly following the administra-
tion of fat-free TPN (Fig. 4). These findings indicate that the
infusion of excessive glucose without fat in TPN causes
increased hepatic lipogenesis and decreased lipolysis and
consequently leads to abnormally high triacylglycerol syn-
thesis and its accumulation as lipid droplets in the liver, as
shown in Fig. 5. When soybean oil fat emulsion was added to
the TPN solution, the changes in these mRNA expression
levels were smaller than those in the fat-free TPN group (Fig.
4). The inclusion of fat in the TPN regimen is therefore
thought to be important for maintaining the metabolic home-
ostasis of the liver as far as possible.

SOYBEAN OIL IN TPN REGIMEN PREVENTS HEPATIC
CYTOCHROME P450 mRNA DOWN-REGULATION

The hepatic cytochrome P450 (CYP) isoenzymes are in-
volved in the detoxification of endogenous and exogenous
compounds for further metabolism or elimination. Therapeu-
tic drugs are mainly metabolized by the CYP1, CYP2, and
CYP3 isoenzymes in the CYP families.”> Notably, the CYP4
family has been shown to be related to the metabolism of
fatty acids.”® Changes in the CYP activities of patients re-
ceiving long-term TPN may affect the success of drug ther-
apy or recovery from disease. Knodell e al.*” reported that
7-d parenteral infusion of a hyperalimentation solution con-
taining glucose, amino acids, and electrolytes via the jugular
vein led to a decrease in CYP-mediated oxidative metabo-
lism in rats. Therefore, TPN therapy without fat may affect
the pharmacokinetics of therapeutic drugs and eventually
lead to adverse events in patients. Since the capacity of CYP-
mediated drug metabolism in the neonate or infant is lower
than in the adult,”®*? severe adverse reactions may occur in
pediatric patients if additional pharmacotherapy is required
during fat-free TPN therapy. It is therefore important to iden-
tify the specific changes in the hepatic CYP isoenzymes dur-
ing fat-free TPN in the neonate or infant and to clarify the
effects of including fat in the TPN regimen. However, to the
best of our knowledge, there have been no reports in the liter-
ature focusing on the changes in hepatic CYP isoenzymes
during TPN therapy. In this review, we therefore focus on
demonstrating the changes in the mRNA expression of he-
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Fig. 6. Changes in CYP mRNA Expression in Infant Rats That Received
TPN for4d

Data are Expressed as the ratio of the target mRNA to fB-actin mRNA. Values are
mean*+S.D. (n=6—8). The statistical significance of differences between values was
analyzed by Tukey’s test. Significant difference at #:#p<<0.01 and ##*p<<0.001 vs. oral
diet group, 1p<<0.05, +1p<<0.01, and 111 p<<0.001 vs. fat-free TPN group.

patic CYP isoenzymes in our infant rat model following the
administration of TPN with or without soybean oil emulsion.

We demonstrated for the first time that the administration
of TPN without fat induced marked and selective down-regu-
lation of hepatic CYP mRNAs in the infant rat and that the
addition of soybean oil emulsion to the TPN regimen dramat-
ically reduced the down-regulation of CYP mRNAs and pre-
vented the development of hepatic dysfunction.*” When in-
fant rats received an overdose of fat-free TPN for 4 d, all of
these mRNA levels were markedly decreased (Fig. 6). How-
ever, such down-regulation of CYP gene expression was pre-
vented by the addition of a fat emulsion to the TPN regimen
(Fig. 6).

It has been reported that induction of hepatic CYP2B1 and
2B2 occurred in rats fed a 20% corn oil diet compared with
rats fed a fat-free diet, whereas no induction of CYP2E1 was
observed.’'*? Among the members of the CYP2 family,
CYP2B is likely to be more sensitive to fat ingestion. With
regard to the CYP2C isoforms, the ethylmorphine demethy-
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lase activity (CYP2C11 and CYP2C2) and the benzpheta-
mine dealkylase activity (CYP2C11) in rats that received
TPN without fat were found to be decreased by 41% and
73%, respectively, compared with rats that received the same
hyperalimentation solution enterally.”” The erythromycin
demethylase activity (CYP3A2) in rat liver was also
markedly decreased by the administration of TPN without
fat.?” Our results (Fig. 6) support these earlier observations.
These findings indicate the great importance of including fat
in the hyperalimentation regimen in order to maintain hepatic
drug oxidation capabilities in animals.

REGULATION OF FATTY ACID METABOLISM VIA
CYP4A AND HORMONE RECEPTOR SUPERFAMILY IN
FAT-CONTAINING TPN

The CYP4As are fatty acid and prostaglandin hydroxylases
that are abundantly expressed in the liver and kidney.***¥
These enzymes can hydroxylate saturated and unsaturated
fatty acids at the @ and w-1 positions, with a clear prefer-
ence for the @ position.*” The peroxisome proliferators-acti-
vated receptor-a (PPAR«) is a member of the nuclear hor-
mone receptor superfamily, which requires another dimeriza-
tion partner, the retinoid X receptor (RXR ), for gene activa-
tion.™ It has been suggested that PPAR ¢ and RXR e play
important roles in hepatic CYP4Al regulation.*® We have
observed that the infusion of excessive glucose results in the
down-regulation of hepatic cytochrome P450 mRNA and that
including fat in the TPN regimen is very important in pre-
venting this effect (Fig. 6).>” However, no reports describing
in detail the relationships between the changes in CYP4Al
and nuclear receptors such as PPARo and RXRo during
TPN treatment have appeared in the literature.

Recently, we have demonstrated for the first time that the
changes in PPARa mRNA levels associated with overdose of
fat-free or fat-containing TPN in infant rats may be one fac-
tor involved in regulating the level of CYP4A1 mRNA ex-
pression because the levels of CYP4A1 and PPARo mRNA
were strongly correlated.’” Since the levels of CYP4A1 and
PXRa mRNA were weakly correlated, PXA o probably plays
only a minor role in the regulation of CYP4A1 expression.
Our results indicating the great importance of including fat
in the TPN regimen in order to prevent CYP4A1l mRNA
down-regulation may be related to the changes in PPAR«
mRNA levels in the liver of the infant rat. It is also known
that fatty acids are ligands for PPAR ¢, providing strong evi-
dence that they are endogenous PPAR¢ activators.’®*”
Therefore, when a fat-free TPN regimen is used, it is likely
that activation of PPAR @ may not occur, and concomitantly,
the expression of CYP4A1 mRNA may be down-regulated
and the subsequent disturbances in fatty acid metabolism
may lead to steatosis. The prevention of CYP4A1 mRNA
down-regulation by the use of a fatty acid-containing TPN
solution may be due to the activation of PPAR . However,
further study is needed to elucidate the precise mechanism
by which the down-regulation of hepatic CYP4A1 mRNA
expression following fat-free TPN is associated with changes
in PPAR o mRNA expression.
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SOYBEAN OIL IN TPN REGIMEN PREVENTS HEPATIC
TRANSPORTER mRNA UP- OR DOWN-REGULATION

The ATP-binding cassette (ABC) transporter superfamily
is one of the largest gene families of transmembrane pro-
teins. The genetic variation in ABC transporter genes is a
cause or contributor to a wide variety of drug-resistance phe-
notypes of cancers and metabolic diseases.*” The organic ion
transporters, which have been named SLC22,*" belong to a
superfamily of solute transporters.*”’ Several ABC trans-
porters are involved in bile acid formation in the liver and in
hepatic clearance.*” ABC transporters such as MRP1 act as a
drug-efflux pump, rendering cancer cells resistant to cytosta-
tic drugs.*” It has also been found that many xenobiotic
transporters are regulated by various nuclear receptors.*¢)
Regarding the relationship between TPN and transporters,
Tazuke et al.*” reported that multiple drug resistance protein
(Mdr)l mRNA is increased following TPN administration.

In this review, we therefore describe our observations on
the changes in the mRNA expression of hepatic xenobiotic
transporters in the infant rat model following the administra-
tion of TPN with or without soybean oil emulsion. Overall,
the results showed that the administration of TPN without fat
resulted in a decrease or increase in many transporters in-
volved in the transport of a variety of xenobiotics and endo-
biotics from the blood to hepatocytes and from hepatocytes
to the bile.*® Following the administration of TPN without
fat, in particular, hepatocyte uptake transporters such as or-
ganic cation transporter (Oct)l and Oat2, biliary efflux trans-
porters such as Mdr2 (also called MDR3 in humans), the bile
salt export pump (Bsep), and Mrp2 were all decreased,
whereas xenobiotic transporters such as Mdrlb, Mrpl, and
Mrp5 were increased (Table 1).* However, the changes in
these mRNA expression levels in the fat-containing TPN
group were smaller than those in the fat-free TPN group or
almost the same as those in the oral diet group.

Vos et al.*”) reported that Mdrlb mRNA and Mrpl mRNA
were increased but Bsep/Spgp mRNA and Mrp2 mRNA
were decreased by lipopolysaccharide treatment, and they
suggested that endotoxin-induced cholestasis is induced by
decreased Bsep and Mrp2 levels and that the up-regulation of
Mdrlb and Mrpl may confer resistance to hepatocytes
against cytokine-induced metabolic stress. Recently, we also
reported that Mdrlb mRNA and Mrpl mRNA were in-

Table 1. Changes in Expression Levels of Hepatic Transporters after Ad-
ministration of Fat-Free TPN

Name Abbreviation mRNA 2)
expression (%)

Hepatic uptake transporters

Organic cation transporter 1 Octl 1 (40

Organic anion transporter 2 Oat2 1 (33)
Biliary efflux transporters

Multiple drug resistance protein 2 Mdr2 137

Bile salt export pump Bsep 1 43)

Multidrug resistance protein 2 Mrp2 137

Multidrug resistance protein 6 Mrp6 l 27)
Xenobiotic transporters

Multiple drug resistance protein 1b Mdrlb T (1580)

Multidrug resistance protein 1 Mrpl T (144)

Multidrug resistance protein 5 Mrp5 T (201)

“ Values in parentheses indicate percentages relative to the oral diet group.
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creased but Bsep mRNA and Mrp2 mRNA were decreased in
the infant rat model of hepatic dysfunction and steatosis in-
duced by overdose of fat-free TPN.*®) Furthermore, it has
been reported that the excessive administration of non-pro-
tein calories in TPN contributes to the development of
cholestasis.’>" Therefore, it appears that fat-free TPN-in-
duced hepatic dysfunction, steatosis, and cholestasis, as well
as endotoxin-induced cholestasis, may be caused by de-
creased Bsep and Mrp2 levels and that the up-regulation of
Mdrlb and Mrpl may confer resistance to hepatocytes
against hyperalimentation-mediated metabolic stress due to
the excessive administration of non-protein calories in TPN.

Mrpl is located in the basolateral membrane, but its con-
stitutive expression level in the liver is low under normal
conditions, whereas Mrp2 is highly expressed in the canalic-
ular membrane of hepatocytes.*” Bilirubin is rapidly and se-
lectively taken up by the liver, biotransformed upon conjuga-
tion with glucuronate by UDP-glucuronosyltransferase 1A1
(UGT1A1),° and secreted into the serum across the basolat-
eral membrane by Mrpl*’ and into the bile across the
canalicular membrane by Mrp2.**? It has also been reported
that human organic anion transporting polypeptide (OATP2)
mediates the high-affinity transport of bilirubin.? Further-
more, Cekic et al.>® reported that Mrp1 is up-regulated when
the unconjugated bilirubin load is increased. In our study, the
serum total and direct bilirubin concentrations in the fat-free
TPN group were markedly higher than those in the other
groups (i.e., the oral diet and fat-containing TPN groups).*®
We also observed a marked increase and a marked decrease
in the expression levels of Mrpl and Mrp2 mRNA, respec-
tively, following the administration of fat-free TPN.*® There-
fore, it is possible that the increase in the serum bilirubin
concentration observed in the fat-free TPN group might have
been influenced by alterations in Mrp1 and/or Mrp2 follow-
ing the excessive administration of fat-free TPN, reflecting
the development of cholestasis.

Based on the findings of this animal study, it is suggested
that changes in the expression of these transporters may af-
fect the efficacy of pharmacotherapy such as the administra-
tion of anticancer agents, possibly resulting in severe adverse
drug reactions or chemoresistance in pediatric patients re-
ceiving long-term TPN. The addition of a fat emulsion to the
TPN regimen may maintain normal cell membrane transport
function for a wide range of endogenous and exogenous
compounds and reduce such adverse reactions dramatically.

SOYBEAN OIL IN TPN REGIMEN MAINTAINS mRNA
LEVELS OF HEPATIC ANTIOXIDANT ENZYMES AND
ALBUMIN

In the pathogenesis of non-alcoholic steatohepatitis such
as that induced by fat-free TPN, oxidative stress/lipid peroxi-
dation and its end products are thought to play a significant
role.¥ Reactive oxygen species (ROS) may induce a stress
response in the cells by altering the expression of antioxidant
defense systems to rescue the cell. A comprehensive defense
system against ROS is known to comprise the well-estab-
lished superoxide dismutase (SOD)/catalase enzymatic sys-
tem.™ The activity levels of Cu,Zn-superoxide dismutase
(CuZn-SOD) and catalase are higher in the liver than in other
tissues.’® CuZn-SOD dismutates two molecules of the super-
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oxide anion to oxygen and hydrogen peroxide, and the hydro-
gen peroxide is subsequently reduced to water by catalase.
It is interesting to consider the expression of antioxidant
defense systems in the liver with steatosis/cholestasis in-
duced by overdose of fat-free TPN. Additionally, in order to
maintain the cellular thiol-disulfide redox status under reduc-
ing conditions, living cells possess the GSH/glutaredoxin
(Grx) system.>”>)

We have recently reported that the mRNA down-regulation
of antioxidant enzymes such as CuZn-SOD, catalase, and
Grx1 was observed in the livers of infant rats that received an
overdose of fat-free TPN.* Such defects in the antioxidant
defense systems may result in the production of ROS, in the
promotion of oxidative stress in the hepatocyte membrane,
and thus in functional damage to the liver and elevated serum
bilirubin concentrations.

We have also observed growth delay and hepatomegaly in
rats that received fat-free TPN as compared with rats that
were fed an oral diet. The liver is the main source of serum
albumin. In protein-energy malnutrition, not only the serum
albumin level but also the hepatic albumin mRNA level is
known to be markedly decreased.” We therefore measured
the level of hepatic mRNA expression of albumin. The re-
sults showed that expression in the fat-free TPN group was
decreased to 30—40% that in the fat-containing TPN and
oral diet groups,’” indicating that the expression of albumin
mRNA was maintained by the inclusion of fat in the TPN
regimen.

Since the risk of developing TPN-related hepatic dysfunc-
tion is greater in young infants than in adults, hepatoprotec-
tive management during TPN is necessary to promote nor-
mal growth in infants. However, the long-term administration
of TPN with carbohydrates as the sole source of calories may
induce hepatic dysfunction and a reduction in serum albu-
min, which can be fatal to neonates or infants who do not re-
ceive oral feeding for a prolonged period. The use of an ap-
propriate TPN formulation including a fat emulsion is of
great importance in avoiding hepatic dysfunction and growth
delay in pediatric patients.

CLINICAL IMPLICATIONS OF SOYBEAN
TAINING TPN

OIL-CON-

Our studies using the rat TPN model have shown that the
hepatic dysfunction with steatosis and bilirubinemia ob-
served in infant rats that received an overdose of fat-free
TPN was associated with the mRNA down-regulation of en-
zymes responsible for gluconeogenesis and lipolysis and the
up-regulation of lipogenesis. Such hepatobiliary dysfunction
induced by fat-free TPN was associated with marked and
selective down-regulation of hepatic mRNA levels of CYPs
such as the CYP1, CYP2, and CYP3 families, suggesting a
decrease in the CYP-mediated oxidative metabolism of ther-
apeutic drugs. The addition of soybean oil emulsion to the
TPN regimen dramatically reduced the down-regulation of
these CYP mRNAs. The human CYP3A isoform, which is a
major isoform in the perinatal period and infancy,”” appears
to play critical roles in drug metabolism and/or drug interac-
tion in pharmacotherapy in pediatric patients. Drugs such as
prednisolone and cyclosporin A, which are metabolized by
CYP3A4 in humans,**" are commonly prescribed to pedi-
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atric patients with inflammatory bowel disease or Crohn’s
disease. The results of our study indicate that if such patients
require parenteral hyperalimentation, the use of fat-free TPN
may induce lethal adverse drug reactions due to impaired
drug metabolism resulting from the decreased expression of
CYP3A4. The inclusion of fat in the TPN regimen appears to
be clinically essential for preventing such adverse drug reac-
tions.

In addition, alterations in the mRNA expression of various
hepatic xenobiotic transporters were also observed when fat-
free TPN was administered to infant rats. Among the ABC
transporters, the prognostic significance of MDR1/P-glyco-
protein as an indicator of failure of chemotherapy and a poor
outcome has been demonstrated in a number of clinical stud-
ies.®>%9 MRP1 transports anticancer drugs such as etoposide,
doxorubicin, and vincristine®* °® and acts as a drug-efflux
pump, rendering cancer cells resistant to cytostatic drugs.*?
We observed a marked increase in the expression levels of
Mdrlb and Mrpl mRNA following the administration of fat-
free TPN, whereas no increase was noted following the ad-
ministration of fat-containing TPN.*® Mrp5 is related to the
transport of nucleotide analogs such as anti-HIV drugs.®” We
also observed a marked increase in the expression levels of
Mrp5 mRNA following the administration of fat-free TPN,
whereas no increase in the expression levels of MrpS mRNA
as well as Mdrlb or Mrpl mRNA was noted following the
administration of fat-containing TPN.*® Therefore, a TPN
regimen containing fat can be recommended as a useful form
of nutritional therapy in patients undergoing postoperative
cancer chemotherapy or patients receiving anti-HIV drugs.

Furthermore, the reduction in albumin synthesis and the
defects in the antioxidant defense systems observed in the
fat-free TPN group may result in the production of ROS, the
promotion of oxidative stress, functional damage to the in-
fant liver, and consequently, growth delay or death. The addi-
tion of soybean oil to the TPN regimen was found to have a
dramatic effect in preventing such adverse reactions in infant
rats that received TPN without fat. Therefore, the use of an
appropriate TPN formulation including a fat emulsion is of
fundamental clinical importance in order to avoid hepatic
oxidative dysfunction and growth delay in pediatric patients.

CONCLUSION

The pathogenesis of the hepatic dysfunction such as
cholestasis and steatosis induced by TPN without fat is
thought to be multifactorial and due to a complex mechanism
involving changes in many targets such as enzymes related to
the metabolism of sugar and fat, antioxidant enzymes, CYPs,
transporters, and nuclear receptors.

Including fat (soybean oil fat emulsion) in the TPN regi-
men is of great clinical importance in preventing hepatic dys-
function and cholestasis, avoiding severe adverse drug reac-
tions, and improving the safety of drug therapy, especially in
neonates and infants.
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