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Abstract
Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of diagnoses ranging from
simple fatty liver (SFL), to non-alcoholic steatohepatitis (NASH). This study aimed to determine the
effect of moderate and severe NAFLD on hepatic transporter expression and function in vivo. Rats
were fed a high-fat diet (SFL model) or a methionine-choline-deficient diet (NASH model) for eight
weeks. Hepatic uptake transporter function was determined by bromosulfophthalein (BSP)
disposition. Transporter expression was determined by branched DNA signal amplification assay
and western blotting; inflammation was identified by immunostaining of liver slices for interleukin
1 beta (IL-1β). MC- rats showed significant retention of BSP in the plasma when compared to control
rats. Hepatic NTCP, OATP1a1, 1a4, 1b2 and 2b1; and OAT 2 and 3 mRNA levels were significantly
decreased in high-fat and MC- diet rats when compared to control. Protein expression of OATP1a1
was significantly decreased in high-fat animals, while OATP1a1 and OATP1b2 expression was
significantly lower in MC- rats when compared to control. Liver tissue from high-fat and MC- rats
stained positive for IL-1β, a pro-inflammatory cytokine known to decrease expression of NTCP,
OATP and OAT transporters, suggesting a plausible mechanism for the observed transporter
alterations. These data suggest that different stages of NAFLD result in altered hepatic uptake
transporter expression that can lead to a functional impairment of xenobiotic uptake from the blood.
Furthermore, NAFLD may alter the plasma retention time of clinically relevant drugs that are reliant
on these transporters and may increase the potential drug toxicity.
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1. Introduction
The liver plays a crucial role in the elimination of many clinically relevant drugs from the body.
While drug-metabolizing enzymes are critical in hepatic drug clearance, often, hepatic
transport is required to initiate and complete this process. Several basolateral transmembrane
proteins are capable of transporting organic ions from plasma into the hepatocyte, including
the organic anion transporting polypeptides (OATP), organic anion transporters (OAT);
organic cation transporters (OCT); and the sodium-dependent bile salt uptake transporter
Na+-taurocholate co-transporting polypeptide (NTCP). Coordinately, the overlapping
affinities of these transporters provide an efficient means of extracting ionic xenobiotics from
the sinusoidal blood (Kullak-Ublick and Meier, 2000).

Variations in patient response to drug therapy are a significant safety issue. Severe adverse
drug effects among hospitalized patients in the United States may number as high as two million
per year and as many as 100,000 of them prove fatal (Lazarou, Pomeranz et al., 1998).
Remarkably, the majority of these adverse reactions are in patients given the correct drug and
proper dosage. It is estimated that less than 20% of these cases are due to genetic
polymorphisms that result in altered metabolism: the vast majority of the adverse reactions are
due to individual host or environmental factors such as age, nutrition, or disease state
(Ingelman-Sundberg and Rodriguez-Antona, 2005). Both pre-clinical and clinical studies have
indicated that hepatic disease may result in alterations in the pharmacokinetics and elimination
of a drug (Williams and Mamelok, 1980;Westphal and Brogard, 1997). Alterations in drug
disposition have been well documented for liver conditions such as sepsis (Pea, Viale et al.,
2005;Kim, Chen et al., 2000) and primary biliary cirrhosis (Jorquera, Almar et al., 2001). In
addition, altered expression of cytochrome P450 enzymes and hepatic transporters observed
in viral and alcoholic hepatitis patients have been associated with variability in drug response,
resulting in either drug toxicity or decreased therapeutic effectiveness (Morgan, 2001;Heinrich,
Castell et al., 1990;Renton, 2005). In contrast, relatively little data has been reported with
respect to the effect of non-alcoholic fatty liver disease (NAFLD) on hepatic drug transporter.

NAFLD encompasses a spectrum of symptoms ranging from steatosis (simple fatty liver, SFL),
to steatohepatitis (fatty liver with liver cell damage, inflammation and progressive fibrosis)
(Reynaert, Geerts et al., 2005). The prevalence of NAFLD is estimated to be between 14% and
24% in the world population, and though once thought an adult disease, it is now known to
afflict children as well (Browning and Horton, 2004). Simple steatosis is characterized by micro
and macrovesicular steatosis and predisposes the liver to the more severe non-alcoholic
steatohepatitis (NASH) (Koteish and Mae, 2002). NASH is histologically characterized by
micro and macrovesicular steatosis, lobular inflammation, and hepatocellular damage,
including accumulation of Mallory’s hyaline, ballooning degeneration, necrosis, and fibrosis
(zone 1 and zone 3) (Peters, Gay et al., 1975). NASH occurs in 2 – 3% of all patients with
excess fat accumulation in the liver, and accounts for approximately 10% of all newly
diagnosed cases of chronic liver disease.

The classic rodent model of NASH involves inducing steatohepatitis through a methionine-
choline-deficient (MC-) diet. This model of “fibrosing steatohepatitis” is characterized by the
development of fibrotic strands that surround hepatocytes in a fashion identical to those in
human disorders of lipid-associated hepatic fibrosis. Additionally, steatosis, chronic
hepatocyte injury, and hepatic inflammation precede activation of stellate cells and fibrosis by
several weeks, a sequence of events that is analogous to that which occurs in NASH (George,
Pera et al., 2003).

Previous studies have demonstrated that this model causes significant changes in hepatic efflux
transporters resulting in a significant shift in the disposition of acetaminophen metabolites from
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the bile to the plasma (Lickteig, Fisher et al., 2007a). In the current study, high-fat (SFL model)
and MC- (NASH model) diets were used as models to determine the effect of SFL and NASH
on hepatic uptake transporter expression and whether the resulting change in expression causes
a functional alteration of xenobiotic pharmacokinetics.

2. Materials and Methods
2.1 Chemicals

Urethane, bromosulfophthalien (BSP), and NaOH were purchased from Sigma (St. Louis,
MO). Heparin and sterile 0.9% sodium chloride solution (w/v) were obtained from Baxter
Healthcare Corporation (Deerfield, IL). PE-10 and PE-50 polyethylene tubing were purchased
from Braintree Scientific Inc. (Braintree, MA).

2.2 Animals
Male Sprague Dawley rats (8 – 9 weeks) were obtained from Harlan (Indianapolis, IN). All
animals were acclimated in 12 h light and 12 h dark cycles in a University of Arizona
AAALAC-certified animal facility for at least one week prior to experiments, and were allowed
water and standard chow ad libitum. Housing and experimental procedures were in accordance
with all applicable US laws and regulations. Rats (n = 5) were fed normal diet (Harlan Teklad,
Indianapolis, IN), a low-fat isocaloric diet (high-fat diet control, #180820), a high-fat (SFL)
diet (#112280 18% butter w/v, high cholesterol artherogenic), a methoinine-choline-deficient
diet with methionine and choline re-supplemented (MC+, #518754) or a methionine-choline-
deficient (MC-) diet (#518810) (Dyets Inc., Bethlehem, PA) for eight weeks.

2.3 Determination of BSP elimination
Following eight weeks on their respective diet, rats were anaesthetized with a single bolus dose
of urethane (1.2 g/kg w/v, ip). The femoral artery and vein were cannulated with PE-50
polyethylene tubing and the common bile duct was cannulated with PE-10 polyethylene tubing
distal to the bifurcation. Core temperature was maintained throughout bile collection with a
TCAT-2V temperature monitor and heat pad (Physitemp Instruments Inc, Clifton, NJ). BSP
(Sigma, St. Louis, MO) was administered via the femoral vein at 100 mg/kg (w/v) in a 2 ml/
kg dose volume. Blood samples (100 µl) were taken at 0, 2, 5, 10, 20, 25, 30, 40, 50 and 60
minutes, via the femoral artery. Bile samples were collected in chilled pre-weighed tubes at
10-min intervals for 60 minutes following BSP administration. Immediately following 60-min
blood collection, animals were euthanized while still under anesthesia and liver samples (∼200
mg) were snap frozen in Tissue-Tek® O.C.T. Compound (Electron Microscopy Sciences,
Hatfield, PA). Remaining liver from each rat was snap-frozen in liquid nitrogen and stored at
−80°C until cryosectioning and mRNA and protein analysis.

2.4 BSP concentration determination
Samples of plasma (10 µl, diluted 1:5) or bile (10 µl, diluted 1:20) were mixed with 1 ml 0.1
N NaOH. BSP concentration was determined by absorbance at 580 nm on a spectrophotometer
(BioTek Instruments, Inc., Winooski, VT).

2.5 Liver sectioning and histological staining
Liver slices frozen in O.C.T (Sakura Finetek, Torrance, CA) were cut into 5-µm slices using
a Microm HM 550 cryostat (Richard Allen Scientific, Kalamazzo, MI) and stained with
hematoxylin and eosin. Histological slides were scored by a veterinary pathologist using a
scoring system for human NAFLD (NASH Activity Score – NAS) as previously described
(Kleiner, Brunt et al., 2005).
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2.6 Plasma chemistry
Plasma levels of glucose, cholesterol, alanine amino- transferase and alkaline phosphatase were
determined in control, high-fat and MC- rat plasma using an Endocheck Plus Chemistry
Analyzer spectrophotometer (Hemagen Diagnostics, Inc., Colombia, MD). Individual assays
were conducted with reagents from Hemagen Diagnostic, Inc. as per the manufacturer’s
protocol. Alkaline phosphatase (ALP) levels were determined the absorbance of p-nitrophenol
phosphate @ 405 nm and 505 nm. Glucose concentrations were determined by measuring via
absorbance of Trinder-glucose oxidase @ 508 nm and 630 nm. Alanine amino-transferase
(ALT) levels were assessed by measuring ALT/NADH absorbance at 340 nm and 450 nm.
Cholesterol concentrations were determined by absorbance of Trinder-Cholesterol oxidase at
505 nm and 630 nm.

2.7 Total RNA isolation
Total RNA was isolated using RNAzol Bee reagent (Tel-Test Inc., Friendswood, TX) per the
manufacturer’s protocol (Maher, Slitt et al., 2006). RNA concentration was determined by UV
spectrophotometry, and its integrity examined by ethidium bromide staining after agarose gel
electrophoresis.

2.8 Branched DNA assay
Specific oligonucleotide probes for hepatic NTCP, OATP1a1, 1a4, 1b2, and 2b1; OAT2 and
3; OCT 1 and 3 as well as Mrp2 were diluted in lysis buffer supplied in the Quantigene™ HV
Signal Amplification Kit (Panomics, Inc., Freemont, CA) as previously published (Augustine,
Markelewicz, Jr. et al., 2005;Cherrington, Slitt et al., 2004;Tanaka, Chen et al., 2008). Total
RNA (1 µg/µl; 10 µl) was added to each well of a 96-well plate containing capture hybridization
buffer and 50 µl of each diluted probe set. Total RNA was allowed to hybridize to each probe
set overnight at 53 °C. Subsequent hybridization steps were carried out per the manufacturer’s
protocol, and luminescence was measured with a Quantiplex™ 320 bDNA luminometer
interfaced with Quantiplex™ Data Management Software Version 5.02.

2.9 Western blot analysis of hepatic OATP1a1, 1a4, 1b2 and Mrp2
Whole cell lysate proteins were isolated as previously described (Aleksunes, Scheffer et al.,
2006). Protein concentrations were determined using a Bio-Rad protein Assay Reagent Kit
(Bio-Rad laboratories, Inc., Hercules, CA) as described by the manufacturer (Hu, Xu et al.,
2006). Hepatic protein levels of OATP1a1, 1a4, 1b2 and Mrp2 and GAPDH (loading control)
were determined using polyclonal rabbit anti-rat OATP1,2 and 4 (Alpha Diagnostic
International, San Antonio, TX), mouse anti-human M2III-6 (ID Labs Inc.; London, ON,
Canada) and monoclonal anti-GAPDH mouse (Calbiochem, San Diego, CA) antibodies,
respectively. 30 µg of protein per well were separated by SDS-PAGE and transferred to a
PVDF membrane (Novex, San Diego, CA). Membranes were incubated with respective
primary antibodies over night at 4ºC, followed by incubation in horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA for 45
minutes at room temperature. Protein concentrations were visualized using enhanced
chemiluminescence (ECL™) substrate reagent for horseradish peroxidase (Amersham
Biosciences, Piscataway, NJ). Quantification of protein expression was determined using
image processing and analysis in JAVA (Image J, NIH, Bethesda, MD).

2.10 Hepatic glutathione quantification
Glutathione levels in liver were quantified by change in absorbance @ 412 nm via
spectrophotometric analysis as previously described (Tietze, 1969).
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2.11 Immunohistochemistry
Formalin-fixed paraffin-embedded livers were deparaffinized in xylenes and rehydrated
through a graded alcohol series. Following antigen retrieval by incubation in citrate buffer (10
mM) for 10 min in a Kenmore 1200 watt microwave set on defrost, endogenous peroxidase
activity was blocked by incubation in 3% (v/v) H2O2 for 10 min at room temperature. Sections
were then incubated overnight with a rabbit polyclonal IL-1β antibody (H-153, Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:50. IL-1β protein-antibody complexes were
visualized using the Vectastain Elite ABC kit and developed with 3,3'-diaminobenzidine as
per manufacturer's protocol (Vector Laboratories, Burlingame, CA). Liver sections were
counterstained with hematoxylin, dehydrated in ethanol and cleared with xylenes. Negative
control staining of human liver sections was performed by incubating without primary
antibody.

2.12 Statistics
Statistical significance between normal, low-fat isocaloric, high-fat, MC+ and MC- diet rats
was determined by one-way ANOVA followed by a Bonferroni post-hoc test (P < 0.05).

3. Results
3.1 Liver histology

Control, low-fat isocaloric, and MC+ livers displayed no signs of steatosis or fibrosis (Fig. 1).
High-fat livers showed primarily microvesicular steatosis with mild lobular inflammation,
while MC- livers showed marked diffuse macrovesicular hepatic steatosis with mild lobular
inflammation as well as early signs of bridging fibrosis. NAFLD Activity Scoring (NAS) for
normal, low-fat isocaloric, high-fat, MC+ and MC- rat livers is summarized in Table 1. The
histology and NAS scoring observed in the high-fat and MC- rat livers correlates with the
pathology observed in humans with simple fatty liver and early stage NASH, respectively.

3.2 Plasma uptake and biliary excretion of BSP in rats
Fig.2 shows no difference between the plasma BSP levels of low-fat isocaloric, high-fat and
normal diet rats. However, plasma BSP levels in MC- rats were significantly higher than MC
+ rats at 5, 10, 20, 30, 40, 50 and 60 minutes post administration by (5min), 32.9%, 53.3%,
56.8%, 59.7%, (50min), and (60 min), respectively. Similarly, plasma BSP levels in MC- rats
were significantly greater than normal diet rats at 5, 10, 20 and 30 minutes when compared to
normal diet rats. Biliary excretion of BSP was not significantly different between normal, low-
fat isocaloric, high-fat and MC+ diet groups. In contrast, biliary excretion of BSP in MC- rats
was decreased significantly from MC+ rats at 50 and 60 minutes by 35.2% and 37%. A similar
decreased was seen at 60 minutes in MC- rats bilary excretion compared to normal diet fed
rats. Bile flow rate can also be seen in Fig. 2. Bile flow rate varied slightly between normal,
low-fat isocaloric, high-fat, MC+ and MC- diets, however, there were no significant differences
between groups. As shown in fig. 1 and fig. 2 there were no differences observed in liver
histology or BSP disposition among rats fed the normal, isocaloric low-fat and MC+ diet.
Additionally, differences between these groups were not observed in plasma chemistry, hepatic
glutathione (GSH) levels or mRNA and protein levels of OATP1a1, OATP1b2 or Mrp2 (data
not shown). As a result, the animals of normal, isocaloric low-fat and MC+ diet were combined
into one group referred to as control throughout the manuscript.

3.3 Plasma chemistry
Alkaline phosphatase (ALP) levels were only significantly elevated in the plasma of MC- diet
rats (Fig. 3). Plasma glucose concentrations were decreased 57% in MC- rats, whereas high-
fat levels were similar to control. Alanine amino-tranferase (ALT) plasma levels were
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significantly elevated (87%) in MC- rats, suggesting hepatic damage. ALT levels were not
altered in high-fat and control rats. High-fat plasma cholesterol levels were significantly
elevated (50%), while MC-cholesterol levels were decreased (64%) compared to control.

3.4 Hepatic transporter mRNA levels
Hepatic OAT2 and OAT3 mRNA levels were significantly decreased in high-fat (48% and
59%) and MC- (62% and 87%) livers when compared to control (Fig. 5). Similarly, NTCP
mRNA levels were significantly decreased in high-fat and MC- livers by 46% and 76%,
respectively. OCT mRNA levels were not significantly altered by either diet model. Fig. 5
shows the mRNA levels of members of the OATP family—OATP1a1, 1a4, 1b2 and 2b1 - in
control, high-fat and MC- livers. OATP1a1, 1a4, 1b2 and 2b1 mRNA levels were significantly
decreased in high-fat (37%, 56%, 47% and 40%) and MC- livers (55%, 54%, 67% and 78%).
Hepatic Mrp2 mRNA levels tended to be slightly decreased in high-fat and MC- rats, but these
changes were not statistically significant (Fig. 5).

3.5 OATp1a1, 1a4, 1b2 and Mrp2 protein expression
Fig. 6 shows the protein expression of OATP1a1, OATP1b2 and Mrp2 in control (random
representatives from normal, low-fat isocaloric and MC+ diet rats), high-fat and MC- diet
animals as well as densitometry values normalized to GAPDH. Hepatic OATP1a1 protein
levels were significantly decreased in both high-fat and MC- diet livers when compared to
control. In contrast, there was little difference in the protein expression of OATp1a4 between
groups. OATP1b2 expression was significantly decreased in high-fat diet when compared to
control diet. OATP1b2 protein expression was further decreased in MC-diet livers and
significantly different from both normal and high-fat diet animals. Hepatic Mrp2 protein
expression was significantly increased in MC- rats when compared to control and high-fat
animals.

3.6 Hepatic glutathione levels
Hepatic GSH levels were not significantly different between control, high-fat and MC- livers
Fig. 8.

3.7 Immunostaining for IL-1β expression
As seen in Fig. 8, there is little to no IL-1β staining in control diet rat livers. However, there
was moderate IL-1β staining observed in high-fat diet rat livers and considerable staining in
MC- livers, indicating that experimental steatosis and NASH results in increasing levels of
hepatocellular inflammation.

4. Discussion
Simple fatty liver (early stage NAFLD) is typically associated with obesity. In 1994, 22.5%
of Americans were determined to be clinically obese, a statistic which is projected to reach
almost 40% by 2025 (Kopelman, 2000). Due to this increase in obesity, information pertaining
to liver function during the various stages of NAFLD is of increasing importance. In 2005,
Geier et al. suggested that alterations in hepatic transporters may render fatty livers more
vulnerable to various xenobiotics. Their study showed significantly decreased mRNA and
protein levels of hepatic OATP1a4 and Mrp2 in obese Zucker rats, a model of steatosis but not
NASH (Geier, Dietrich et al., 2005). In addition, Vander et al. showed increased levels of
human breast cancer resistance protein (BCRP) in liver samples of patients diagnosed with
NASH (Vander, Libbrecht et al., 2006). We have recently shown that experimental NASH
causes significant changes in hepatic efflux transporters. Lickteig et al., 2007 demonstrated
that rats fed the MC- diet showed increased protein levels of Mrp2, Mrp3, Mrp4 and Bcrp.
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Furthermore, alterations in Mrp3 and Mrp4 in MC- diet rats was correlated with a significant
shift in the disposition of acetaminophen metabolites from the bile to the blood (Lickteig, Fisher
et al., 2007a). The current study was designed to characterize hepatic uptake transporter
expression in two different stages of NAFLD (simple fatty liver and the more severe NASH).
Our results show sequential decreases in mRNA levels of hepatic uptake transporters in both
high-fat and MC- diet groups, specifically hepatic NTCP, OATPs, and OATs. Furthermore,
we demonstrate that BSP is retained in the plasma of MC- rats compared to MC+ rats suggesting
an impaired function of hepatic OATP uptake transport.

In vivo models of inflammation, induced by lipopolysaccharide, result in decreased expression
of a number of hepatobiliary transporters important in maintaining enterohepatic circulation
(Green, Beier et al., 1996). In addition, administration of TNFα to rodents suppresses
OATP1a1, OATP1a4, Mrp2 and bile salt excetory pump (Bsep) mRNA levels (Hartmann,
Cheung et al., 2002), suggesting that pro-inflammatory cytokines can alter transporter
expression. Downregulation of OATP1a1 and OATP1a4 has also been reported following
injection of IL-1β in vivo (Geier, Wagner et al., 2007). NASH is characterized by increased
serum levels of pro-inflammatory cytokines, which are thought to generate inflammatory and
fibrogenic responses that contribute to the progression of NAFLD (Adams, Zein et al., 2004).
Recently, the MC- diet has been shown to cause increased hepatic TNFα and IL-1β mRNA
levels in rats (Yu, Ip et al., 2006;Oz, Im et al., 2006). In the current study we show that high-
fat rats and MC- rats display increased levels of hepatocellular IL-1β. These results, while
strictly correlative, may suggest a potential mechanism for decreased hepatic uptake transporter
expression in these animals.

Because BSP undergoes almost exclusive hepatobiliary elimination, it is an ideal compound
to test hepatic uptake function. In humans, BSP is efficiently removed from the blood via
OATP1B1 and OATP1B3 (Ballatori, Hammond et al., 2005). Rats do not express orthologs
of human OATP1B1 and 1B3, as a result, systemic clearance of BSP is primarily mediated via
NTCP, OATP1a1, and 1b2 but not OATP1a4 (Hata, Wang et al., 2003;Cattori, van Montfoort
et al., 2001;Meier, Eckhardt et al., 1997). Following glutathione conjugation in the hepatocyte,
BSP is excreted into the bile via the canalicular efflux transporter Mrp2. Together these hepatic
transporters are responsible for the efficient hepatic elimination of BSP in the rat. In the current
study, we observed decreased expression of known BSP transporters, NTCP, OATP1a1 and
1b2 in the liver. In addition, there was significant retention of BSP in the plasma of MC- rats
compared to normal, isocaloric low-fat, high-fat and MC+ rats suggesting functional
impairment of hepatic elimination via decreased hepatic uptake transport. It should be noted
that although hepatic NTCP, OATP1a1 and 1b2 mRNA and protein levels were decreased in
high-fat rats, BSP retention in the plasma of these animals was not observed. BSP uptake into
hepatocytes is accomplished by OATP1a1 (Km ∼1.5 – 3.3 µM/L) and OATP 1b2 (Km ∼1.1
µM/L) in rats (Meier, Eckhardt et al., 1997;Cattori, van Montfoort et al., 2001). While
OATP1b2 protein expression in high-fat diet rats was significantly decreased from control,
expression was still significantly higher than MC-rats. It is possible that the expression of
OATP1b2 is suitable to compensate for the lack of OATP1a1 protein in high-fat diet rats,
therefore, BSP plasma levels are not significantly altered in these animals.there is a threshold
expression level at which OATP1b2 is able to compensate for decreased expression of
OATP1a1. Perhaps there was an adequate level of OATP1b2 protein expressed in the high-fat
diet rats to rescue these animals from BSP retention in the plasma. While plausible, this
explanation of the difference in BSP disposition in high-fat and MC- diet rats is hypothetical
and will require additional investigation.

The decreased concentrations of BSP in MC- rats at 50 and 60 minutes in MC- diet rats imply
possible altered hepatic excretion of this compound by the canalicular transporter, Mrp2.
However, similar to results from Lickteig et al., while hepatic Mrp2 mRNA levels were not
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significantly altered in MC- rats (Fig. 5), protein expression was markedly increased (Fig. 6)
(Lickteig, Fisher et al., 2007a). It has been reported that Mrp2 expression can be increased by
activation of the transcription factor nuclear factor E2– related factor-2 (Nrf2) (Maher, Dieter
et al., 2007). Nrf2 is a transcription factor responsible for the activation of many antioxidant
genes including NAD(P)H quinone oxidoreductase 1 (Nqo1). Previous studies in our lab have
reported that Nqo1 levels are significantly increased in MC- diet rats and may explain the
increased expression of Mrp2 in this study (Lickteig, Fisher et al., 2007b). Yet another possible
reason for decreased BSP biliary excretion in MC- rats is depletion of glutathione (GSH) pools
in hepatocytes. BSP is almost completely biotransformed into a BSP-GSH conjugate in the
liver prior to excretion via the bile, while renal elimination of BSP-GSH after intravenous
administration in the rat is negligible (Snel, Moons et al., 1995). Oxidative stress is thought to
be a major contributor to the etiology of NASH, and NASH patients have been shown to have
decreased GSH levels (Nobili, Pastore et al., 2005). However, analysis of hepatic GSH levels
in high-fat and MC- rats did not differ from control rats in this study (Fig. 7). Given these data,
it seems likely that the decreased biliary excretion in MC- rats is primarily due to decreased
hepatic uptake transporter function and not alterations in either hepatic Mrp2 expression or
GSH levels.

Results reported in the current manuscript show that experimental NASH results in increased
plasma concentrations of BSP, suggesting impaired function of hepatic transporters,
specifically OATP1a1 and 1b2. Further, it can be anticipated that experimental NASH may
similarly prolong the bioavailability of clinically relevant drugs that depend on these hepatic
uptake transporters for systemic elimination. In humans, hepatic OATPs are responsible for
the uptake of several statin drugs; antihypertensive medications like enalapril and valsartan;
the antidiabetic drugs rosiglitazone and troglitazone as well as digoxin and methotrexate
(Niemi, 2007). If patients with NASH develop a similar uptake transporter expression profile
to experimental NASH rats, dosage of OATP substrate drugs may require adjustment to avoid
elevated systemic levels and potential toxicity. The effect of NAFLD on human hepatic uptake
transporters is the focus of ongoing research.
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Fig. 1. Liver histology
5 µm sections of normal, low-fat isocaloric, high-fat, MC+ and MC- diet livers were stained
with hematoxylin and eosin. Images were generated using a standard light microscope at 20x
magnification. Arrows indicate mild bridging fibrosis. Circle denotes inflammatory foci.
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Fig. 2. BSP disposition in low-fat isocaloric, high-fat, MC+ and MC- rats
Animals were administered BSP (100 mg/kg, ip) and plasma and biliary BSP concentrations
were determined over 1 h. BSP concentration was determined by light absorbance at 580 nm.
BSP concentrations are expressed as mg/100 ml plasma and mg/ml bile ± standard error of
mean, respectively. Bile flow is expressed as µl/min/kg. Asterisks indicate significance from
MC+ control diet rats, while daggers indicate significant difference from normal diet rats (P
< 0.05).
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Fig. 3. Plasma chemistry
Plasma concentrations of alkaline phoshatase (ALP), alanine amino-transferase (ALT),
glucose and cholesterol, were determined in control, high-fat and MC- rats. ALP and ALT
levels expressed as U/L ± standard error of mean. Glucose and cholesterol levels expressed as
mg/dL ± standard error of mean. Asterisk indicates significant difference from control (P <
0.05).
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Fig. 4. Hepatic mRNA levels of OAT, OCT and NTCP uptake transporters
Total hepatic RNA from control, high-fat and MC- livers was analyzed for OAT, OCT and
NTCP mRNA levels by branched DNA assay. Data is expressed as relative light units (RLU)
± standard error of mean. Asterisk indicates significant difference from control livers (P <
0.05).
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Fig. 5. Hepatic mRNA levels of OATP uptake transporters
Total hepatic RNA from control, high-fat and MC- livers was analyzed for OATP mRNA levels
by branched DNA assay. Data expressed as relative light units (RLU) ± standard error of mean.
Asterisk indicates significant difference from control (P < 0.05).
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Fig. 6. Hepatic protein levels of hepatic OATP1a1, 1a4, 1b2, Mrp2 and GAPDH
30 µg of control, high-fat and MC- liver whole cell lysate protein was added to each well and
resolved using SDS-PAGE. Antibodies specific for rat OATP1a1, 1a4, 1b2, Mrp2 and GAPDH
were used to determine protein expression levels of each diet group. Graphs indicate relative
protein expression normalized to respective GAPDH expression as determined by
densitometry. Asterisks indicates significant difference from control rats and dagger indicates
significant difference from high-fat rats (P < 0.05)
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Fig. 7. Hepatic glutathione concentrations in control, high-fat and MC- rats
Hepatic glutathione (GSH) levels were determined using an enzymatic method for
quantification of total GSH. GSH levels are expressed as µM GSH/ gram liver tissue (wet
weight).
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Fig. 8. Immunohistochemical staining of hepatic IL-1β
Immunohistochemical staining was performed on paraffin sections of control, high-fat and
MC- livers. Tissues were counterstained with hematoxylin and images of each group were
taken at 20x and 40x magnification.
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Table 1
Non-alcoholic Fatty Liver Disease Activity Score (NAS) in normal, low-fat isocaloric, high-fat, MC+ and MC- diet fed
rats. Total NAS score is the sum of values recorded for each category. NAS total score interpretation: 1–2 = not
steatohepatitis; 3–4 = equivocal; 5–8 = steatohepatitis. Significance indicated from normal (a) and respective control
diet (b) (P < 0.05).

Diet Steatosis
(0–3)

Lobular
Inflammation

(0–3)

Ballooning
Degeneration

(0–2)

Total NAS
(0–8)

Normal 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0

Low-fat
Isocaloric

0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0

MC+ 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0

High-fat 0.6 ± 0.2 a,b 1.2 ± 0.5 a,b 0 ± 0.0 1.8 ± 0.7a,b

MC- 3.0 ±0.0 a,b 1.8 ± 0.2 a,b 0 ± 0.0 4.8 ± 0.2a,b
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