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Abstract
Objectives—Parenteral nutrition-associated liver disease (PNALD) is a major problem with
prolonged TPN administration. Our laboratory previously demonstrated significant changes in the
expression of mdr1 and mdr2, two hepatocyte transporters, in a TPN mouse model. Our present study
hypothesized that these changes would lead to functional changes in the liver, and would contribute
to the development of liver dysfunction.

Methods—Mice received either intravenous saline and standard chow or TPN with or without
intravenous lipids. Functional assays were performed after 7 days of infusion.

Results—TPN with lipids led to a significant increase in serum bile acid levels, consistent with an
early state of PNALD. Use of TPN without lipids prevented elevation in bile acid levels. In both
TPN groups, mdr2 expression was significantly (68%) lower than controls; and bile
phosphatidylcholine content, a functional measure of mdr2, was 40% less than controls. Mdr1
expression in the TPN with lipid group was 31% higher than controls; while in the TPN without
lipids mice there was no significant change. Hepatocyte extrusion of rhodamine dye, a measure of
mdr1 function, declined only in TPN with lipids. PPAR-α expression decreased in both TPN groups.
Fenofibrate given with TPN resulted in an increased expression of mdr1 and mdr2, and functionally
increased hepatocyte rhodamine extrusion and presence of bile phosphatidylcholine in the TPN with
lipid group.

Conclusions—The study shows that TPN led to alterations in the function of mdr1 and mdr2
expressed proteins. The changes help in the understanding of the mechanisms leading to PNALD;
and suggest that fibrate administration may palliate these changes.
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Introduction
Liver dysfunction in patients who receive total parenteral nutrition (TPN) is one of its most
devastating complications (1,2). The development of parenteral nutrition-associated liver
disease (PNALD) predisposes patients to an increased incidence of sepsis, higher mortality
rates and the potential to develop irreversible liver injury (3-7). Despite the severity of this
process, the etiology of PNALD has not been determined (1). This disorder may be seen at all
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ages, but is most prevalent in premature infants (3,8). The condition of the liver can further
deteriorate with the development of sepsis (3,8).

Over the past decade the etiology of several forms of cholestasis has been attributed to
mutations in members of proteins in the ATP-binding cassette (ABC) transporter family (9,
10) (11). These genes encode a number of proteins which transport various components of bile
from hepatocytes into the bile canaliculi (9,12,13); and include the bile salt transporter (bile
salt export pump; bsep), the multidrug resistance 2 (mdr2) which is responsible for the transport
of phosphatidylcholine (PC) into the bile canaliculi, the canalicular anionic conjugated
transporter (cmoat; also referred as mrp2), and multidrug resistance 1 (mdr1) which transports
chemotherapy drugs and potentially other toxins into bile (14). mdr1 and mdr2 encode P-
glycoprotein (P-gp) related proteins, and defects or disruption in the function of these proteins
may result in a number of pathologic processes. As an example, individuals with the Dubin-
Johnson syndrome have mutations in human MRP2 (ABCC2) which leads to a disruption in
the transport of bilirubin glucuronide conjugates (15). Progressive familial intrahepatic
cholestasis (PFIC) is an autosomally recessively inherited disorder in which two of the three
known causative genes are ABC transporters (11). PFIC Type 2 is due to a mutation in the
human BSEP gene (ABCB11), and those with PFIC Type 3 have a mutation in human MDR3
(ABCB4) (16). A genetic model of this disease has been developed in mice by disrupting the
(mdr2) gene (equivalent to human MDR3) (17). Mice with a homozygous disruption of the
mdr2 gene develop a pronounced inflammatory non-suppurative cholangitis and fibrosis,
which results in death within the first six months of life (18). The pathologic description of the
liver and bile composition in these mdr2 gene-disrupted mice have some similarities to that
seen in experimental models of PNALD and neonates with this disorder (17,19). Namely, bile
in both animals on TPN and with a disrupted mdr2 gene have diminished levels of PC in their
bile (20). Although these two processes have their distinct differences, the pathologic changes
in both conditions include: bile duct proliferation, periportal inflammation and eventually
fibrosis. Based on these factors, we had investigated the expression of mdr1 and mdr2 in a
mouse model of TPN (21). In our previous work, we showed that mdr2 expression decreased
with TPN administration, whereas mdr1 expression increased (21). This suggested that TPN
administration resulted in a dysregulation of transporter expression. To investigate further into
the details of these altered hepatic canalicular transporters, this current study examines the
subsequent functional relevance of these changes in this mouse TPN model.

Materials and Methods
Ethics

The current study conformed to the guidelines for the care and use of laboratory animals
established by the University Committee on the Use and Care of Animals (UCUCA) at the
University of Michigan and all protocols received UCUCA approval.

Animals
Adult mice—C57BL/6 male, 10-12-week-old, specific pathogen-free mice, (Jackson
Laboratories, Bar Harbor, ME) weighing 23-25 g were housed in metabolic cages and subjected
to an acclimatization period of one week. They were fed standard chow and had access to tap
water ad libitum. The mice were maintained in a 12:12-hr day-night rhythm at a constant
temperature of 23°C and a relative humidity of 40% to 60%.

Intravenous Hyperalimentation
Mice were anesthetized with ketamine (87 mg/kg) and rompun (13 mg/kg) given together
intramuscularly. Catheterization and administration of TPN was similar to that described
previously (22,23). On the first day all mice received intravenous crystalloid solution (dextrose
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5% in 0.45% NS with 20 mEq KCl/L) at a rate of 9.6 mL/day. After 24 hours animals were
randomized into three groups. The control group received the same intravenous physiologic
saline at 7 mL/24 hrs, in addition to standard laboratory mouse chow and water ad libitum. The
TPN+lipid group received a standard TPN solution intravenously at 7 mL/24 hrs with no enteral
nutrition. This TPN solution contained a balanced mixture of amino acids, fats and dextrose
in addition to electrolytes, trace elements and vitamins as previously described (24). In a
separate group of mice, TPN was administered without intravenous fats (TPN w/o lipids),
similar to that previously described (25). To allow for a matched amount of caloric delivery
between groups, dextrose delivery was increased. For the TPN w/o lipids group, mice received
a mixture of 2.44 grams of amino acids and 15.3 grams dextrose in 50 ml of water, in addition
to other standard additives. This led to an essentially isocaloric mixture compared to the TPN
+lipid group (i.e., ∼235 Kcal/kg/day; 1.65 grams of amino acids, 9.6 grams dextrose, and 1.8
grams of lipids (Liposyn 20% Abbott Laboratories, Chicago, ILL.) in 50-ml of water). Caloric
delivery was based on caloric intake measurements from previous investigators, and food was
weighed daily to insure that caloric intake in the study groups were closely matched (26,27).

After 7 days of total continuous infusion, body weights were measured, blood was collected
for bile acids and mice were sacrificed using CO2. Whole liver samples were harvested. After
removing all visible fatty and vascular tissue, the samples were sliced into approximately equal
quantities and stored at -70°C until examination.

Serum Bile Acids
To show the status of cholestasis in our models, mouse serum bile acid levels were measured
according to manufacturer's instructions by the enzymatic determination kit (Sigma-Aldrich
Diagnostics, St. Louis, MO).

Canalicular Transport Protein Gene Expression
Isolation of Liver Total RNA and DNA—Morsellated 30 mg liver samples were washed
with phosphate-buffered saline (PBS) and homogenized directly into 3 ml TRIzol reagent
(Gibco BRL, Gaithersburg, MD) on ice, according to the manufacturer's instructions.

Reverse Transcriptase Reaction (RT) and Polymerase Chain Reaction (PCR)—
RT- PCR was performed as previously described (21). To insure that the DNA product was
examined at the exponential portion of the PCR curve, the adequate number of cycles was used
for each transporter (21). β-Actin expression (equal number of PCR cycles to the respective
transporter gene) was also generated for each sample as a control.

Mdr1, mdr2 and β-actin primers were designed and used for RT-PCR as same as used in our
previous paper (21). Other primers of canalicular transporters used in the PCR reactions were:
bsep (GeneBank accession number AB003303) Forward: 5′ - CTT GAG TAC ACA GCA AGA
CT - 3′ and Reverse: 5′ - GGT AAG TTA GAA CTA CCA GTT G - 3′; and cmoat (GeneBank
accession number AF227274) Forward: 5′ - GCT AGC GGA CTA GAA GAA CA -3′ and
Reverse: 5′- GCT TGA GCC TTA GAG TTT GA - 3′.

PPAR primers used were: PPAR-alpha (accession number: NM 011144; Forward: 5′ -CCT
CAG GGT ACC ACT ACG GA – 3′, and Reverse: 5′- CCG AAT CTT TCA GGT CGT GT
-3′) and PPAR-gamma (accession number: NM 011146; Forward: 5′- TTT TCA AGG GTG
CCA GTT TC -3′ and Reverse: 5′- AAT CCT TGG CCC TCT GAG AT -3′).

Functional Expression of P-glycoprotein
MDR1 function—The function of mdr1 in hepatocytes was assessed by the ability of these
cells to actively transport the vital dye Rhodamine 123 using previously described methods
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(28). Mouse hepatocytes were isolated according the modified protocol of Invitrogen's
Hepatocyte Product line (Gibco BRL Division of Invitrogen, Life Technologies Inc. Grand
Island, NY). Briefly, under anesthesia, a 24-gauge catheter was placed into portal vein and the
liver was perfused with Liver Perfusion Medium followed by Liver Digest Medium. After that,
the liver was removed and gently morcellated in Liver Transport Medium. The cell suspension
was spun down at 50g for 5min, resuspended in cold Hepatocyte Wash Medium, filtered
through 100μm nylon mesh (Millipore) and centrifuge again at 50g for 5min. The isolated
hepatocytes were incubated with 5ml Rhodamine 123 (0.2mM, Sigma-Aldrich) with 1ml
HBSS and 10% bovine serum albumin. Hepatocytes were incubated for 10 minutes at 37°C in
the dark, followed by 3 successive washes, and resuspension in HBSS/BSA. Samples were
then incubated for the assessment of active extrusion of dye for 30 minutes at 37°C. Following
this, cells were immediately washed and resuspended at 4°C, and remaining intracellular
Rhodamine 123 was assessed by flow cytometry. Controls included the following: negative
extrusion control (cells washed and suspended in cold HBSS/BSA without incubation) and an
inhibition of mdr1 function with simultaneous incubation with verapamil (10μg/ml).
Expression of extrusion directly correlated with mdr1 function, and is expressed as the ratio
of rhodamine remaining over baseline intracellular levels of rhodamine.

Mdr2 function—Mdr2 encoded P-gp is responsible for the transport of phosphatidylcholine
(PC) across the bile canalicular membrane. Phospholipid content of bile was measured in both
control and TPN groups. On day 7, hepatic and total bile phosphate and phospholipid levels
were determined during a one-hour un-stimulated bile collection period. In the detail, selected
mice (N = 5 per group) from each group were re-anesthetized after 7 days of treatment. The
common bile duct was ligated with a 5-0 silk suture and a silastic catheter (0.25 mm i.d.) was
placed into the gallbladder and held in place with a suture ligature. Bile samples were
immediately frozen and stored at -70°C under nitrogen gas until assayed. Total lipids were
extracted using a chloroform/methanol method. Lipid extracts were dried under nitrogen gas,
dissolved in chloroform and the total phospholipid content determined as phospholipid
phosphorus (29,30). Extracted phospholipids were separated by thin-layer chromatography on
silica gel 60 plates using chloroform/methanol/7N NH3OH (60:35:5). Plates with individual
phospholipids were placed in 8% (wt/vol) CuSO4 phentahydrate in a water/methanol/
concentration of either H3PO4 (60: 32: 8) or 0.1% (wt/vol). Ninhydrin in ethanol was used to
visualize individual lipids after autoclaving (150°C, 15 min, 110°C, 10 min, respectively).
Plates were imaged with a Kodak 1D system and density images were recorded for each
phospholipid. PC concentrations were determined using known amounts of egg-yolk and
commercially obtained PC (Sigma-Aldrich, St. Louis, MO) as standards. The percentage of
PC from the chromatographic analysis was used to calculate the total PC content in the
phospholipid extract. Additional phospholipids were determined both in the liver as well as
the bile. Each band was identified based on commercially obtained standards (Sigma-Aldrich),
including phosphatidylglycine (PG), phosphatidylethanolamine (PE), sphingomyelin and
lysophosphatidylcholine (LPC). The relative level of each of these was determined relative to
the expression of PC.

Fibrate Administration on the TPN-treated Models
Fibrates have been reported to increase P-glycoprotein (P-gp) expression, including both mdr1
and mdr2 (31); and this increase appears to be dependent on the expression of PPAR-α
(32-34). Because of the decreased P-gp expression in our TPN-treated model (21), we next
hypothesized that the administration of fibrate would increase the expression of P-gp, and
PPARs in this TPN-treated model. Fenofibrate administration (100mg/kg/day) was gently
administered to mice using a blunt gastro-feeding needle starting at 48 hours after
catheterization, and was continued daily till mice were euthanized.
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Endotoxin Analysis
Immediately after sacrificing mice, liver homogenates were placed in endotoxin-free tubes and
a standard Limulus assay (Sigma-Aldrich) detected levels of endotoxin. All samples were
assayed together and were compared to both negative and positive controls to ensure test
accuracy.

Statistical Analysis
Results were expressed as the mean ± SD. The statistical analysis of the data was performed
using unpaired t tests, or when more than one group was studied, one-way analysis of variance
(when comparing control versus TPN with or without lipids), with P < .05 considered
significant. Post hoc intergroup analysis was performed using Bonferroni t tests.

Results
General Description of Mice

The survival rate was 95% in control group, 72% in TPN+lipids group, and 85% in TPN w/o
lipids group. Body weights trended lower in TPN mice; however the differences were not
significant (P>0.05) between TPN+lipid (body weight at start and end of study): (23.4 ± 2.2g
and 21.3 ± 2.2g) or TPN w/o lipid (24.1 ± 2.0g and 22.1 ± 2.4g) and the control (22.2 ± 1.4g,
versus 24.6 ± 2.7g) groups.

Serum Bile Acids
Serum bile acids levels are known to be elevated with cholestasis (35), and were used to
examine for a state of early PNALD with TPN. Serum total bile acid (TBA) levels in mice
receiving TPN+lipids was significantly higher than the levels in control mice (81.4 ±29.7
μmol/l vs. 33.3 ±24.0 μmol/l, respectively) (Figure 1). As elevated levels of bile acids are
consistently seen in states of cholestasis, this suggests that TPN with lipids is associated with
an early state of cholestasis. Interestingly, serum bile acid values were not significantly
different between the mice in the TPN w/o lipids group (46.1 ±21.5 μmol/l) and the control
group.

Expression of Canalicular Transport Proteins
TPN with lipids led to a 32% decline in mdr2 mRNA expression compared to control mice
(Table 1; P<0.05). The TPN+lipid group also had a 31% increase in mdr1 mRNA expression
compared with controls (P<0.05). In the TPN w/o lipids group, mdr2 mRNA expression also
decreased compared with controls; while there was no significant difference in mdr1 mRNA
expression (P>0.05) compared with controls. Both cmoat and bsep expression failed to show
any significant changes in expression in all three study groups, although there was a non-
significant decline in bsep in the TPN+lipid group compared to controls (Table 1).

Phospholipid Content of Liver and Bile
mdr2 encoded P-gp is responsible for PC transport across the bile cannaliculi, and
phospholipids content was measured to assess the functional role of this encoded protein in
each study group.

Liver—Phospholipid contents of liver and bile were measured after 7-days for each group
(Tables 2 and 3). The total phosphate level in the liver was used as a control for lipid expression,
and was noted to decrease slightly (P>0.05) between controls and the TPN+lipid group.
Phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) levels in the liver were not
significantly different (P>0.05) between control and standard TPN (TPN+lipids) groups (Table
2).
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Bile—Bile flow measurements showed a slight increase in the TPN with lipid group (Table
3). Interestingly, bile flow significantly declined in the TPN w/o lipid group. The total
intrahepatic bile acid levels were similar in all groups. As an internal control, total phosphate
measurements in the bile were not significantly different (P>0.05) between control and TPN
groups both with lipid and without lipids. PC content in the bile, however, significantly
(P<0.05) declined in mice receiving TPN for both the group with lipids and without lipids,
compared to control values.

The ratio of total phospholipids to bile acids in bile samples (Figure 2) was significantly lower
in the TPN+lipids group (0.25 ±0.09) compared to control values (0.43 ±0.30). The decline for
the TPN w/o lipid group (0.39 ±0.22) was lower than controls, but the difference was not
significant. As the encoded P-gp of mdr2 functions to transport PC from the hepatocyte to the
bile canaliculi, it suggests that the observed decline in mdr2 mRNA and its encoded P-gp had
a physiologic impact in the actual formation of bile, with a reduction in bile PC content.

Alteration of mdr1 function
Because we previously observed an increase in mdr1 expression in the TPN+lipid group
(21), we next examined the functional characteristics of the mdr1 encoded P-gp. This was
addressed by the ability of hepatocyte mdr1 encoded P-gp to actively transport rhodamine from
an intracellular to an extracellular location (Figure 3). Uptake of Rhodamine 123 dye was
similar in TPN and control groups, showing that the loading of dye and membrane integrity
were not different. Active transport of rhodamine, however, was significantly lower in the TPN
with lipid group compared to control mice. This suggests that despite an increased expression
of mdr1 encoded P-gp, the function of the mdr1 transporter was actually depressed with TPN
administration. In contrast, in the mice receiving lipid-free TPN, rhodamine transport was not
significantly different from control mice; suggesting that the removal of lipids resulted in
improved mdr1 encoded P-gp function.

PPAR Expression
Expression of PPAR mRNA is shown in Table 4 and Figure 4. In both TPN-treated models,
PPAR-alpha expression decreased (TPN w/ lipids; 0.80±0.11, TPN w/o lipids 0.79±0.08)
significantly, compared with the control group (1.02±0.17). However PPAR-gamma
expression did not change significantly between groups.

Fibrate administration and TPN
Fibrates have been shown to up-regulate both P-gp and PPAR-alpha expression, and were
studied to examine whether administration could influence transporter function. TPN+lipids
mice treated with fenofibrate led to an increase in mdr2 mRNA expression (0.69±0.13; P>0.05
compared to untreated TPN+lipid group) and mdr1 mRNA expression (0.75 ± 0.05; P<0.05
compared to TPN+lipid group) (Figure 5). Functionally, this led to a significant increase in the
ratio of total phospholipids to bile acids (0.52 ± 0.31) (Figure 2). Table 3 shows that fenfibrate
given to the TPN+lipid group resulted in a marked increase in the amount of bile
phosphatidylcholine content; and the ratio of phospholipids to bile acids rose to control levels
(Figure 2). This suggests that fenofibrate led to an up-regulation of mdr2 encoded P-gp
transporter function. Additionally, fenofibrate administration to TPN+lipids mice increased
the amount of rhodamine output (0.21± 0.15 vs. 0.44±0.18) (Figure 3 and Figure 5); and levels
were not significantly different that those of controls. Fenofibrate administration significantly
increased PPAR-alpha mRNA expression (1.05±0.08; Table 4 and Figure 4); where as there
was no significant change in PPAR-gamma mRNA expression. Interestingly, coincident with
these changes in the function of mdr1 and mdr2, the level of bile acids in TPN+lipid mice given
fibrates (41.6 ±15.0 μmol/l) was not significantly difference with control.
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Hepatic Endotoxin Content
As endotoxin has been shown to alter the expression of a number of bile canalicular transport
proteins (36-38), we assessed endotoxin content in isolated liver homogenates freshly obtained
from both control and TPN-treated groups (N = 6 per group). Endotoxin levels were not
detectable in either TPN groups or in the controls.

Discussion
Since the very early reports of PNALD (39), a number of potential associated risk factors have
been identified, including an inverse relationship with gestational age and birth weight, and a
direct relationship with length of TPN administration and number of septic episodes (1,3,6,
40,41). This suggests that the etiology of PNALD may be due to a number of different
etiologies. Despite the advancement of multiple theories, and several attempts at therapeutic
interventions (42,43), no definitive etiology or proven therapy has yet been established for this
disorder (7).

Over the past decade a number of cholestatic conditions including Dubin Johnson syndrome
(cmoat), progressive intrahepatic cholestasis types 1 and 2 (bsep) and progressive intrahepatic
cholestasis type 3 (Mdr3) have been attributed to defects in the ATP-binding cassette (ABC)
transporter family of proteins (9,14). Each of these proteins actively transports a component
of bile across the bile canalicular membrane. Descriptive terminology varies considerably
among species. In humans, two homologous P-glycoprotein (P-gp) isoforms (MDR1 and
MDR3) exist that are encoded by individual genes (44,45), whereas mice possess three
separately encoded homologous isoforms (mdr1a, mdr1b and mdr2) (46,47). MDR1 in humans,
and mdr1a and mdr1b in mice appear to have identical function (28). Human MDR3 P-gp,
based on homology and function, is almost identical to mdr2 in mice (48). The gene mdr1
encodes a P-gp, which can transport a wide variety of drugs (including chemotherapy agents)
and substrates (including toxins) across biological membranes (including the bile canalicular
membrane) in a temperature-sensitive and ATP-dependent manner (49). Unlike mdr1, the mdr2
gene encodes a P-gp transporter that is responsible for the transport of phosphatidylcholine
(PC) across the bile canalicular membrane (17,48). Interestingly, mdr2-deficient mice are
subject to fatal liver disease before six months of age. Although there are distinct differences
from the clinical condition of PNALD, in the absence of mdr2-encoded P-gp, the bile contains
a disproportionately high concentration of cholesterol and potentially hepatotoxic bile acids,
which may induce bile sludging and cholestatic liver injury (17). There is some evidence to
suggest that changes in mdr2 may play a critical role in the early mediation of PNALD. First,
the histological appearance of cholestasis in mdr2-deficient mice is similar to that observed
with PNALD. Specifically, bile duct proliferation is noted in both mdr2-/- mice and with TPN
administration in humans. Also noted in both are periportal inflammation, fibrosis and
degeneration of hepatocytes. Secondly, the alteration in bile composition in mdr2-deficient
mice is also similar to changes observed in the bile composition of animal models of TPN;
namely bile in both mdr2-deficient mice and mice on TPN show a rise in the relative percentage
of bile acids, and a decline in the total amount of phospholipids (20,50). Phosphatidylcholine,
which is the predominate phospholipid in bile, has been shown to be decreased in a rabbit
model of TPN (20), as well as observed in the present study.

Our study examined several known bile canalicular transport proteins, and showed that mdr2
mRNA declined with TPN administration. The mRNA expression of mdr1 increased with TPN
and the remaining transporter genes, cmoat and bsep failed to show any significant change. In
our previous study, mdr1 expression was similarly noted to be elevated, and mdr2 was noted
to decline with TPN (21). This current study examined the functional relevance of these
changes. Our present study showed that the decline in mdr2 expression was associated with a
decline in bile phosphatidylcholine content. We also showed that despite an observed increased
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expression of mdr1, hepatocyte extrusion of rhodamine dye, as a measure of mdr1 function,
declined with TPN with lipids. The functional relevance of these changes may be quite
important, as a loss of PC in the bile, may increase the relative concentration of bile acids which
may be injurious to the liver. Further, the decline in mdr1 function may allow for the build up
of toxins within hepatocytes, which may also lead to liver injury. Importantly, these changes
in mdr occurred prior to any histologic evidence of cholestasis, suggesting that they may be
early mediators of these changes (21).

The etiology behind these changes observed in this study is unknown. Our TPN model is
associated with a moderate mortality rate; most like due to a high rate of bacterial translocation
(51). This translocation may result in increased levels of endotoxin, and other investigators
have shown that endotoxin can decrease the expression of mdr2 (52). Endotoxin can also down-
regulate other hepatic transport proteins and may help explain the worsening of a jaundiced
state with sepsis, as well as act as a contributor to hepatocyte injury (9,38,53). However, we
were unable to detect any appreciable endotoxin levels in any of our study groups. Further
work will be needed to understand the mechanisms involved. We did note that TPN therapy
in mice resulted in a loss of body weight. It is uncertain if the changes in weight may account
for any of the observed changes in the liver, although the weight changes between groups were
small and were not significant.

Lipid administration has been implicated into the etiology of PNALD by several investigators
(54-58). The current studies on mice receiving TPN without lipids suggest that some of the
functional action of these hepatocyte transporters were shown to have been affected by the
presence or absence of lipids. Our finding that serum bile acid levels were lower in lipid-free
TPN mice supports the contention of other authors that lipids have a role in the formation of
TPN-associated liver disease. It was, however, important to note that neither mdr2 expression,
nor PC content in bile, failed to change with the removal of lipids. This suggests that the
observed changes in mdr2 expression may well not be the main determinant of early cholestatic
changes with TPN administration. However, PNALD may well be a multi-factorial process
(59,60); and as such, the changes in mdr2 expression, and decline in bile phosphatidylcholine
expression may still be a contributing factor to the development of PNALD. The removal of
lipids from TPN did, however, lead to decreased expression of mdr1, and a return to the normal
ability of Rhodamine 123 to be transported out of hepatocytes. This suggests that this alteration
in mdr1 function may be one mechanism by which lipids contribute to the development of
PNALD.

The peroxisome proliferator activated receptors (PPAR) are one of the first characterized
members of the nuclear hormone receptor protein family. PPARs have been shown to have an
important role in glucose and lipid metabolism. PPARs have also been shown to be activated
by fibrates which act as lipid lowering agent compounds (34,61). Further, fibrates have been
reported to increase P-gp expression in the liver, most likely by an increase in PPAR-α
expression (31) (62,63). PPARα and PPARγ are known to be factors which can modulate P-
gp expression within hepatocytes (32,64,65). Our previous study showed that administration
of intravenous fats with TPN resulted in significant alterations in lipid metabolism and
hepatocyte survival (21). We therefore hypothesized that the decline in mdr2 expression might
be correlated with changes in PPAR expression. Our present findings of a decline in PPAR-
α with TPN, and a prevention of this decline with the co-administration of fibrates was
coincident with an increase of PC in the bile. This suggests that fibrates are acting to up-regulate
mdr2 function, and the use of fibrates may have a beneficial role during TPN administration.
The improvement in mdr1 function with fibrate administration may also be mediated by an
increased expression of PPAR-alpha, and may well be beneficial in removing hepatotoxins
from the liver. Future studies will need to be done to further determine the relevance of PPAR-
α and changes in mdr1 and mdr2 function.
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Recently, in a rodent model of hepatic steatosis, it was shown that mediation of liver injury
occurred through matrix metalloproteinase inhibitor-mediated up-regulation of IL-6 and
PPAR-alpha (66); and repair of these changes may occur with use of matrix metalloproteinase
8 activity (67). As similar association of liver injury and IL-6 has been seen with bile duct
ligation models (68). As PPARs are a major transcription factors for lipid metabolism, and
may contribute to cytokine-mediate liver injury (69), this pathway may have a very influential
role. Future work in exploring the influence of cytokines and MMP activity may well be
important to further understand the mechanisms responsible for PNALD, and its relation to
lipid administration. One limitation of our work is that the mouse model, as with any animal
model, may not perfectly reflect PNAC in a clinical setting. It is possible that TPN in a rat may
be a better model, however, both rodent models show decreased bile flow, and each have
potential advantages (70).

In conclusion, administration of TPN in a mouse model resulted in a decline in mdr2 functional
as shown by decreased PC in the bile of mice receiving TPN. TPN also led to a decline in the
function of mdr1, as shown by a reduction in hepatocyte transport of rhodamine. Removal of
lipids from TPN resulted in a normalization of mdr1 expression and function; however, removal
of lipids did not change mdr2 expression or function. Fenofibrate administration to mice
receiving TPN with lipids resulted in a decline in serum bile acid levels. Additionally, fibrates
resulted in an improvement in both mdr1 and mdr2 functionality; and might help to reduce the
incidence of PNALD.
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Figure 1.
Serum total bile acid levels are shown for each study group. Note the significant rise in bile
acids in the TPN with lipid group.
* P < 0.05 versus Control. #P < 0.05 versus TPN with or TPN without lipids.
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Figure 2.
Ratio of total phospholipids to bile acid levels in collected bile samples using thin layer
chromatography. Note that there is a significant decline in the ratio in the TPN with lipid group;
whereas removal of lipids, or administration of fenofibrate to mice receiving TPN and lipids
resulted in a rise in this ratio, with levels equaling control values in the fibrate group.
* P < 0.05 versus Control. #P < 0.05 versus TPN with or TPN without lipids.
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Figure 3.
Hepatocyte transport of Rhodamine 123. Functional transport of rhodamine out of hepatocytes
was assessed by the loss of fluorescent activity (due to an active transport of intracellular
rhodamine). Note that uptake of rhodamine was similar in all treatment groups. However, there
was a significant decline in rhodamine transport in the TPN with lipid group. Removal of lipids
from TPN resulted in an improvement of rhodamine transport, and administration of
fenofibrate to TPN+lipids mice also resulted in transport function that was not significantly
different from control values.
* P < 0.05 versus Control. #P < 0.05 versus TPN with or TPN without lipids.
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Figure 4.
PPAR-alpha and PPAR-gamma mRNA expression are shown. In TPN-treated models (with
or without lipids), PPAR-alpha expression decreased significantly. Administration of
fenofibrate increased control values of PPAR-alpha and PPAR-gamma. Fibrates also prevented
the observed decline in PPAR-alpha with TPN administration.
* P < 0.05 versus Control. #P < 0.05 versus TPN with/without lipids.
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Figure 5.
Summary of the effects of fenofibrate administration with mice receiving TPN and intravenous
fats. Note the decline in mdr2 and rise in mdr1 expression with TPN+lipids; Functionally, a
decline in both mdr1 and mdr2 was observed. Administration of fenofibrate to TPN mice
normalized mdr1 and mdr2 expression and function.
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Table 1
mRNA expression of canalicular transport proteins. Results are expressed as a ratio to β-actin expression.

Group mdr2 mdr1** cmoat bsep

Control 0.94±0.24 0.37±0.09 0.86±0.20 1.46(0.25

TPN + lipids 0.63±0.27* 0.63±0.14* 0.80±0.15 1.14(0.20

TPN without lipids 0.56 ±0.18 0.36 ±0.14 0.79(0.16 1.32(0.22

*
P < 0.05 control versus TPN.

**
mdr1 detected both mdr1a and mdr1b isoforms. N= minimum of 10 per group.
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Table 2
Phospholipid content of liver using thin-layer chromatography (TLC). Results of phosphotidylcholine (PC),
lysophosphatidylcholine (LPC) contents were expressed as a ratio of PC or LPC content to total liver phosphate content.

Group Total phosphate in liver
(nmol /g wet weight)

PC in liver
(μg/ nmol total phosphate)

LPC in liver
(μg/ nmol total phosphate)

Control 30.6 ( 5.4 1.84 ( 0.29 0.082 ( 0.0

TPN+lipids 24.7 ( 3.5 * 1.64 ( 0.13 0.088 ( 0.0

*
P < 0.05 Control versus TPN. N= minimum of 10 per group.
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Table 3
Summary of the major findings of bile flow, bile acid content and phospholipid content in bile using thin-layer
chromatography (TLC). Note the decline in the phosphatidylcholine levels in TPN-treated groups (with and without
lipids), and a return to control levels with fenofibrate. N= minimum of 10 per group.

Group Bile flow
(μl/h)

Bile acid
(mmol/μl bile)

T-P
(nmol/μl bile)

PC
(μg/nmol T-P)

Control 21.3 ± 12.4 60.5 ± 38.5 13.3 ± 4.9 0.41 ± 0.12

TPN + lipids 25.2 ± 11.0* 51.6 ± 28.3 16.1 ± 4.3 0.25 ± 0.09*

TPN without lipids 16.0 ± 10.3 60.9 ± 30.1 18.4 ± 0.8 0.27 ± 0.08*

TPN+lipids with fibrate 26.6 ± 16.6* 54.9 ± 28.7 27.7 ± 18.3*# 0.39 ± 0.10#

*
P < 0.05 Control versus TPN+lipids.

#
P < 0.05 versus TPN with or without lipids.

Abbreviations: T-P : Total phosphate, PC : phosphatidylcholine,
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Table 4
PPAR-α and PPAR-γ mRNA expression are shown. In TPN-treated models, PPAR- α expression decreased
significantly; whereas administration of fenofibrate resulted prevented this decline.

PPAR- α PPAR -γ

Control 1.02 ± 0.17 0.44 ± 0.12

TPN + lipids 0.80 ± 0.11* 0.43 ± 0.12

TPN without lipids 0.79 ± 0.08* 0.58 ± 0.10

TPN+lipids with fibrate 1.05 ± 0.23# 0.55 ± 0.11

*
P < 0.05 versus Control.

#
P < 0.05 versus TPN with or without lipids.
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