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ABSTRACT:

Drug pharmacokinetics can be altered in obese and diabetic sub-
jects. In consideration of the prevalence of obesity and diabetes,
characterization of transporter expression in mouse models of
diabetes and obesity may be a useful tool to aid in prediction of
altered drug pharmacokinetics or adverse drug reactions. It has
been reported that ob/ob mice, which display a severe obesity and
diabetes phenotype, exhibit multiple changes in drug transporter
expression in liver and kidney. In the present study, the mRNA and
protein expression of major drug transporters was determined in
livers and kidneys of diet-induced obese (DIO) C57BL/6J male
mice. The mice were fed a high-fat diet (HFD) (60% fat) from 6
weeks of age and display obesity, fatty liver, and mild hyperglyce-
mia. The HFD diet increased expression of multidrug resistance-

associated proteins Abcc3 and 4 mRNA and protein in liver by 3.4-
and 1.4-fold, respectively, compared with that detected in control
mice fed a low-fat diet (LFD). In contrast, Abcc1 mRNA and protein
decreased by 50% in livers of DIO mice compared with those in
livers to lean mice. The HFD did not alter transporter expression in
kidney compared with the LFD. In summary, unlike ob/ob and
db/db mice, DIO mice exhibited a selective induction of efflux
transporter expression in liver (i.e., Abcc3 and 4). In addition, diet-
induced obesity affects transporter expression in liver but not
kidney in the C57BL/6J mouse model. These data indicate that
hepatic transporter expression is only slightly altered in a model of
mild diabetes and nonalcoholic fatty liver disease and obesity.

Introduction

According to the National Institutes of Health “Clinical Guidelines
on the Identification, Evaluation, and Treatment of Overweight and
Obesity of Adults” (http://www.nhlbi.nih.gov/guidelines/obesity/ob_
home.htm), adults with a body mass index (BMI) of 30 kg/m2 are
considered to be obese, and those with BMI of 25 to 29.9 kg/m2 are
considered to be overweight. Worldwide, obesity affects more than 1
billion individuals (Redinger, 2009), causing approximately 300,000
deaths per year in the United States alone (Flegal et al., 2002). Obesity
occurs because there is an imbalance between energy intake and
expenditure and from the combined effects of lifestyle, heredity, and

environment and their interactions (Uauy et al., 2001). According to
several cohort studies, the prevalence of obesity is higher in individ-
uals with no physical exercise who live a sedentary lifestyle (Lee et
al., 2008; Rodríguez-Martín et al., 2009). High intake of macronutri-
ents such as carbohydrates and proteins from meat and fruits and
vegetables is also associated with general obesity (Lee et al., 2008).
Diabetes mellitus is one of the commonly observed consequences of
obesity. Obese adults present with increased peripheral insulin resis-
tance and impaired nonesterified free fatty acid (FFA) oxidation
(Schuster, 2009). Women with BMI of 23 to 25 kg/m2 have a 4-fold
higher chance of becoming diabetic compared with women with BMI
less than 20 kg/m2 (Colditz et al., 1995).

Along with obesity and diabetes, the prevalence of nonalcoholic
fatty liver disease (NAFLD) is also increasing (Gentile and Pagli-
assotti, 2008). NAFLD is an obesity-related disorder characterized
by fatty infiltration in hepatocytes, which is nonalcoholic in origin.
It can progress into steatohepatitis (NASH) and finally end-stage
liver disease (Gentile and Pagliassotti, 2008). According to the
“two-hit” theory of NASH development (Day and James, 1998),
the first hit is accumulation of triglycerides in hepatocytes because
of obesity and insulin resistance, and the second hit is oxidative
stress and inflammation.

To study obesity in rodents, the diet-induced obese (DIO) mouse is
a commonly used research model. DIO mice are C57BL/6J male mice
fed a high-fat (60% kcal) diet from 6 weeks of age. The mice gain
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weight faster than mice fed a standard rodent chow, which is a 10%
kcal diet with the same protein content as the high-fat diet. By 17
weeks of age, DIO mice weigh approximately 20% more than mice
fed the 10% kcal diet. Body fat content of DIO mice is more than 35%
by 13 weeks of age, as opposed to 20% in mice of same age fed a 10%
kcal diet (Bush et al., 2001). DIO mice are also used to model
obesity-induced diabetes because these mice exhibit moderate hyper-
glycemia and mild to moderate hyperinsulinemia. Humans show the
above-mentioned symptoms in a similar fashion, presenting with mild
hyperinsulinemia and mild hyperglycemia and maturity onset of the
diabetic phenotype, similar to that exhibited by DIO mice. Thus, DIO
mice are a relevant model of maturity-onset diabetes (Bush et al.,
2001).

Transporters are membrane proteins that function in the transport of
chemicals into and out of cells. Hepatobiliary transporters assist in the
extraction of chemicals from blood into hepatocytes, where the chem-
icals can undergo metabolism by phase I and II biotransformation
enzymes to enhance excretion, whereas transporters present in kidney
aid in renal clearance of chemicals and urinary excretion. As reviewed
by Ho and Kim (2005), two transporter superfamilies predominantly
mediate the translocation of most xenobiotics and endobiotics. Uptake
transporters, such as the organic anion-transporting polypeptides, so-
dium/taurocholate-cotransporting polypeptide, and organic cation
transporters are part of the solute carrier superfamily (Slc). They are
present on the basolateral membrane and transport chemicals into
hepatocytes. Members of the ATP-binding cassette (Abc) superfamily
function as efflux transporters; they include multidrug resistance
proteins, multidrug resistance-associated proteins, the bile salt-export
pump, and breast cancer resistance protein. Efflux transporters local-
ized to the canalicular membrane of hepatocytes mediate the vectorial
excretion of chemicals from hepatocytes into bile, whereas other
efflux transporters are localized to the basolateral membrane and
mediate efflux of chemicals from hepatocytes to blood. In kidney,
organic anion transporters and organic cation transporters are in-
volved in the renal clearance of many drugs and toxicants.

Few studies have addressed how drug transporter expression is
altered in models of obesity. Given the rising occurrence of obesity
and the need to better predict adverse drug effects or efficacy, in the
present study we sought to determine whether xenobiotic transporter
expression is altered in the diet-induced obese mouse model, which
presents with a mild-moderate phenotype of obesity and diabetes. The
results presented herein demonstrate that there is selective transporter
up-regulation in this model in liver, with no changed transporter
expression in kidney.

Materials and Methods

Materials. Chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and were of reagent grade or better. Antibody sources and concentrations used
for Western blot and immunocytochemistry are detailed in the supplemental
data. Oligonucleotides used for probe sets were generously donated by Dr.
Curtis Klaassen (University of Kansas Medical Center, Kansas City, KS).

Diet-Induced Obese Mice and Lean Controls. Nineteen-week-old male
C57BL/6J mice (n � 8/group) were purchased from The Jackson Laboratory
(Bar Harbor, ME). These mice were fed a 60% kcal high-fat diet since 6 weeks
of age. Lean control mice were C57BL/6J mice fed a 10% kcal diet with the
same protein content as the high-fat diet. The mice were housed for 2 weeks
under a constant 12-h dark/light cycle and given food and water ad libitum.
The DIO mice were fed the same high-fat diet as administered in The Jackson
Laboratory (60% kcal; Research Diets Inc., New Brunswick, NJ), and the
control mice were fed the same 10% kcal fat diet (Research Diets Inc.). During
acclimation, the body weight and blood glucose levels were checked weekly.
Blood glucose levels were determined using a Bayer Contour glucose meter
(Bayer Healthcare, Tarrytown, NY). After 2 weeks of acclimation, mice were

anesthetized by isoflurane inhalation. Blood was collected by decapitation, and
serum was obtained after centrifugation at 2300g for 5 min. Livers and kidneys
were collected, snap-frozen using liquid nitrogen, and stored at �80°C for
future analysis. The institutional animal care and use committee at the Uni-
versity of Rhode Island approved all animal experiments.

Human Liver Tissue. Along with mouse tissues, preliminary data from
human transporter protein quantification are also presented in this article.
Human liver tissues from nonsteatotic and steatotic humans were obtained
from the Liver Tissue Cell Distribution System (University of Minnesota,
Minneapolis, MN, and XenoTech LLC, Lenexa, KS). Details for the human
liver donors are described in Supplemental Table 2.

RNA Extraction and Quantification. Total RNA from livers and kidneys
was isolated by phenol-chloroform extraction using RNA Bee reagent (Tel-
Test Inc., Friendswood, TX) according to the manufacturer’s protocol. The
RNA was quantified by measuring its absorbance at 280 nm in a UV-visible
spectrophotometer (NanoDrop ND 1000; Thermo Fisher Scientific, Waltham,
MA), and all the samples were diluted to 1 �g/�l concentration. Formalde-
hyde-agarose gel electrophoresis was used to check RNA integrity.

Oligonucleotide Probe Sets for the Branched DNA Signal Amplification
Assay. Probe sets for mouse Abcc1–6, Oat1 and 2, Oct1 and 2, and Slco1a1,
1a4, 1b2, 1a6, and 2b1 have been described previously (Cherrington et al.,
2003; Buist and Klaassen, 2004; Aleksunes et al., 2005; Cheng et al., 2005a,b).
Oligonucleotide probe sets required for the assay were graciously donated by
Dr. Curtis Klaassen.

Branched DNA Signal Amplification Assay for mRNA Quantification.
All reagents for analysis including lysis buffer, amplifier/label probe diluent,
and substrate solution were supplied in the QuantiGene HV signal amplifica-
tion kit (Panomics, Fremont, CA). Oligonucleotide probes were diluted in lysis
buffer. On day 1, RNA samples diluted to 1 �g/�l were added to each of the
96-well plates containing 50 �l of capture hybridization buffer and 100 �l of
diluted probe set. The RNA was allowed to hybridize overnight with a probe
set at 53°C. On day 2 of the assay, subsequent hybridization steps were
followed as mentioned in the manufacturer’s protocol, and luminescence was
measured with a Quantiplex 320 branched DNA luminometer interfaced with
Quantiplex Data Management Software (version 5.02; Bayer Corp., Diagnos-
tics Div., Tarrytown, NY). The luminescence for each well was reported as
relative light units per 10 �g of total RNA.

Preparation of Crude Membrane Fractions. Approximately 50 mg of
liver tissue was homogenized in 450 �l of sucrose-Tris (ST) buffer composed
of 0.25 M sucrose and 10 mM Tris-HCl with pH 7.4 and containing protease
inhibitor cocktail (2 �g/ml; Sigma-Aldrich). The homogenates were centri-
fuged at 100,000g for 60 min at 4°C. The resulting supernatant was discarded,
and 200 �l of ST buffer was used to resuspend the resulting pellet, which was
the crude membrane fraction. The total protein concentration of these prepa-
rations was determined by the assay of Lowry et al. (1951)using Bio-Rad
protein assay reagents (Bio-Rad Laboratories, Hercules, CA).

Western Blotting Detection. Western blots were used for identification and
quantification of membrane proteins, and 50 �g of protein/well was electro-
phoretically resolved by SDS-polyacrylamide gel electrophoresis (8% resolv-
ing and 4% stacking for abcc and 12% resolving and 4% stacking for slc). Then
proteins were transblotted on PVDF membrane (Millipore Corporation, Bil-
lerica, MA) at 100 V for 45 min. The membrane was blocked overnight at 4°C
with 2% nonfat dry milk in phosphate-buffered saline with Tween 20. The
membrane was then incubated with primary antibody in phosphate-buffered
saline with Tween 20 for 3 h (room temperature). After washing, the mem-
brane was incubated with species-specific peroxidase-labeled secondary anti-
body for 1 h at room temperature. Specific information about the source,
dilution, type, and molecular weight of primary and secondary antibodies is
detailed in Supplemental Table 1. After incubation with secondary antibody,
the membranes were washed and incubated with an ECL� fluorescence kit
(GE Healthcare, Little Chalfont, Buckinghamshire, UK), and X-ray films were
exposed to blots. The blots were quantified with Quantity One software
(Bio-Rad Laboratories).

Hematoxylin and Eosin Staining. At the time of necropsy, a section of the
central lobe of liver was placed in buffered formalin for 24 h and then stored
in 75% ethanol until further processing. Livers were processed by standard
laboratory procedures for paraffin embedding and sectioning (AML Labora-
tories, Rockland, MD). Paraffin-embedded tissues were cut to approximately
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5-�m sections and then stained with hematoxylin and eosin. Likewise, forma-
lin-fixed kidney tissues were also sectioned and stained with hematoxylin and
eosin.

Proinflammatory Cytokine Measurement in Liver. Total RNA isolated
from livers of lean and DIO mice was quantified for cytokine mRNA tran-
scripts using a QuantiGene Plex 2.0 assay (Affymetrix, Santa Clara, CA) on a
Bio-Plex multiple array system. Total RNA was allowed to hybridize with
cytokine transcript-specific beads for 16 h at 53°C. After incubation, pream-
plifier was added to wells, allowing it to incubate for 1 h, followed by amplifier
and label probe. After addition of the substrate, chemiluminescence was
measured with Bioplex multiple array reader system. Data were collected with
Bioplex manager 5.0 software and plotted as mean fluorescence intensity per
800 ng of total RNA.

Statistical Analysis. The statistical significance of differences between
groups was determined by analyzing log-transformed data with a Student’s t
test, assuming equal variance, and p � 0.05 was considered statistically
significant. Unless otherwise stated, all data are presented as mean � S.E.M.
for eight animals per group.

Results

Liver, Kidney, Body Weights, Blood Glucose Levels, and He-
patic Fat Accumulation in Lean and DIO Mice. Table 1 illustrates
body, liver, and kidney weights, the liver/body weight ratio, and blood
glucose levels in 21-week-old DIO and lean mice. The body and liver
weights of DIO mice were approximately 40% higher than those of
lean mice. The mean blood glucose levels for DIO mice were signif-
icantly higher than those measured in lean mice. The liver/body mass
ratio was similar for both groups.

The 60% kcal diet caused moderate to severe hepatic steatosis in
male C57BL/6J mice, which was not observed in mice fed the 10%
kcal diet (Fig. 1). Centrally located parenchyma of liver showed
moderate microvesicular and macrovesicular steatosis, whereas ste-
atosis was severe in peripheral parenchyma. Liver sections for mice
fed the 10% kcal diet appeared normal with no signs of steatosis. No
necrotic lesions and few to no vacuolations were noted in kidney
sections of DIO mice (data not shown).

Effect of Diet-Induced Obesity on Organic Anion-Transporting
Polypeptide (Slco) Expression in Liver. Uptake transporters are
localized to the basolateral membrane of hepatocytes and extract
chemicals from blood into hepatocytes. Slco1a1, 1a4, and 1b2 expres-

sion was analyzed by mRNA and protein quantification. Figure 2,
A–C, illustrates Slco mRNA expression, protein expression by West-
ern blot, and Western blot quantification. Diet-induced obesity did not
significantly alter Slco1a1, 1a4, or 1b2 expression in liver compared
with that in lean controls. The protein expression of uptake transport-
ers also remained unchanged with diet-induced obesity.

Effect of Diet-Induced Obesity on Multidrug Resistance-Asso-
ciated Protein Expression in Liver. Efflux transporters are localized
to the basolateral and canalicular membranes and transport drugs/
chemicals or their conjugates to blood or bile. Along with exogenous
chemicals, these transporters also facilitate transport of endogenous
substances such as bile acids and conjugated hormones and bilirubin.
Figure 3A depicts Abcc1 and Abcc3–6 mRNA expression in livers of
lean and DIO mice. Feeding the 60% kcal diet decreased Abcc1
mRNA expression in liver, with expression being approximately half
of that detected in lean mice. In contrast, diet-induced obesity signif-
icantly increased Abcc3 mRNA expression in liver. Feeding the 60%
kcal diet increased Abcc3 and 4 mRNA expressions in liver by
3.4-fold, respectively, compared with that detected in lean mice fed
the 10% kcal diet. Abcc6 mRNA expression did not differ between the
groups.

Figure 3, B and C, depicts abcc protein expression in crude mem-
brane fractions isolated from livers of mice fed the 10 and 60% kcal
diets. Diet-induced obesity decreased liver abcc1 protein expression
by half compared with expression in livers of lean controls. Liver
Abcc3 and 4 protein expression was also up-regulated in DIO mice.
Diet-induced obesity increased Abcc3 protein expression by 2-fold in
liver, which was consistent with the observed increase in mRNA
expression. Abcc4 protein expression increased by almost 5-fold in
livers of DIO mice compared with that detected in livers of lean mice.
Protein expression for Abcc6 was similar in mice fed the 10 or 60%
kcal diet. Figure 4 illustrates Abcc2 and Abcg2 mRNA and protein
expression in livers from mice fed the 10 or 60% kcal diet. Abcc2
mRNA expression remained unchanged with diet-induced obesity.
Abcg2 mRNA, in contrast, increased in DIO mice by more than
1.5-fold compared with that in lean mice. Protein expression for both
Abcc2 and Abcg2 was up-regulated by approximately 35% in livers of
DIO mice compared with that in lean controls.

10% kcal
(Lean)

60% kcal
(DIO)(Lean) (DIO)

FIG. 1. Representative hematoxylin and eosin staining of liver sec-
tions from lean control and DIO mice. A small piece of liver from
the central lobe was fixed, prepared for typical paraffin embedding,
sectioned to 5 �M, and then stained with hematoxylin and eosin. It
was observed that fat depositions were greater in liver sections from
DIO mice than in those from lean mice. Original magnification,
200�.

TABLE 1

Body, liver, and kidney weight and blood glucose levels for DIO and lean mice

Male C57BL/6J mice were fed a 60% kcal diet (DIO) or a 10% kcal diet from 6 to 21 weeks of age. Livers, kidneys, and blood were collected at 21 weeks of age. All weights are
expressed as the mean � S.E.M.

Strain Liver Weight Kidney Weight Average Body Weight Liver/Body Weight Mean Blood Glucose Levels

g % mg/dl

Lean 1.22 � 0.031 0.32 � 0.015 29.68 � 0.15 4.12 � 0.099 145.4 � 6.06
DIO 1.65 � 0.058 0.40 � 0.017 41.50 � 0.70* 3.98 � 0.093 198.6 � 9.65*

* Statistically significant difference of parameters between control and DIO mice (p � 0.05).
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Effect of Diet-Induced Obesity on Transporter Expression in
Kidney. In kidney, major classes of uptake transporters are organic
anion transporters and organic cation transporters, along with organic
anion-transporting polypeptides. Slco1a1 and 1a6, Oat1 and 2, Oct1
and 2, and Abcc1–4 mRNA expression in DIO and control mice was
determined. Figure 5 illustrates uptake transporter expression in kid-
neys of DIO and lean mice. Uptake transporters Slco1a1 and 1a6 did
not show any change in expression in kidneys of DIO mice. Likewise,
Oat1, Oct1, and Oct2 also remained unchanged in kidneys of DIO
mice compared with that in kidneys of lean mice. Oat2 was the only
solute carrier transporter with changed expression in kidney. Diet-
induced obesity decreased Oat2 mRNA expression to approximately
65% of that detected in kidneys of lean mice. Figure 6 demonstrates
efflux transporter expression in kidneys of DIO and lean mice. As for
uptake transporters, efflux transporter expression also remained vir-
tually unchanged with diet-induced obesity in kidneys of mice.

Cytokine mRNA Expression in Livers of Lean and DIO Mice.
Proinflammatory cytokine interleukin-1� mRNA levels were in-
creased significantly in livers of DIO mice compared with those in
livers of lean mice (Fig. 7). Expression of monocyte chemoattractant
protein-1 (Mcp-1) and intracellular adhesion molecule-1 (Icam-1) did
not change in livers of mice with diet-induced obesity.

Multidrug Resistance-Associated Protein Expression in Human
Liver with Steatosis. ABCC2, ABCC3, and ABCC4 protein expres-
sion in the livers of humans with steatosis was studied and compared
with that in nonsteatotic human livers (Fig. 8). ABCC4 protein ex-
pression in steatotic livers was significantly higher compared with that
in normal nonsteatotic livers. ABCC2 expression remained unchanged

in steatotic livers compared with that in nonsteatotic human livers.
ABCC3 also displayed an increasing trend with steatosis.

Discussion

The present study demonstrates that DIO mice, which are a model
of obesity-induced diabetes, have altered expression of abcc trans-
porters in liver. In addition, we report that diet-induced obesity in
mice only caused some changes in transporter expression in liver and
virtually none in kidney. Taken together, the present data along with
recent publications indicate that transporter expression is less dys-
regulated in a mouse model of mild obesity and diabetes but is more
dysregulated in models of severe obesity and diabetes.

Transporters play a vital role in disposition of certain endogenous
compounds such as bile acids (Dawson et al., 2009) and steroid
hormones (Janvilisri et al., 2003). Our results demonstrate that Abcc3
and 4 protein expression was increased in livers of DIO mice. Abcc3
and 4 are basolateral efflux transporters that pump various endoge-
nous and exogenous chemicals from hepatocytes to blood; multiple
drug and drug metabolites have been identified as substrates for
human and mouse ABCC3/Abcc3 and ABCC4/Abcc4 (Kruh and
Belinsky, 2003). Induction of Abcc3 and Abcc4 by chemical inducers
or nonalcoholic steatohepatitis is associated with altered vectorial
excretion of acetaminophen glucuronide (Lickteig et al., 2007a). In
contrast with Abcc3 and 4, Abcc1 mRNA expression was decreased
in livers of DIO mice. Human ABCC1 transports certain leukotrienes,
such as leukotriene C4 (Zhou et al., 2008). Perhaps NAFLD may
decrease leukotriene C4 excretion, such that hepatic inflammation is
increased.

FIG. 2. Uptake transporter organic anion-transporting polypeptide Slco1a1, 1a4, and 2b1 expression in livers of lean control and DIO mice (n � 8). A, mRNA expression
for Slco1a1, 1a4, and 2b1. Total RNA was isolated from mouse livers, and mRNA was quantified using a branched DNA signal amplification assay. The data are plotted
as average relative light units (RLU) per 10 �g of total RNA � S.E.M. �, statistically significant difference in expression between DIO mice and lean control mice (p �
0.05). B, protein identification and quantification by Western blotting for Slco1a1, 1a4, and 2b1 in crude membrane fractions in livers of DIO and lean mice. Proteins (50
�g/lane) were isolated by electrophoresis on 4 to 20% acrylamide/bis gels, transblotted on a PVDF membrane, incubated with primary and secondary antibodies and
substrate, and detected by chemiluminescence. C, quantification of Western blots with Quantity One software. The average band intensity for lean mice was considered
to be 100%, and band intensity in the other group was compared with it to plot the graphs. �, statistically significant difference in band intensity average compared with
that of lean mice (p � 0.05). Slco1a4 mRNA expression was up-regulated in DIO mice compared with that in lean mice; however, protein levels remained unchanged for
Slco1a4 and 1b2. Slco1a1 protein levels were significantly down-regulated in livers of DIO mice compared with those in lean mice. Gapdh, glyceraldehyde-3-phosphate
dehydrogenase.

995TRANSPORTER EXPRESSION IN DIO MICE



Transporter expression in ob/ob mice has been described previously
(Cheng et al., 2008). ob/ob mice, in general, exhibited decreased
uptake of transporter and increased efflux of transporter expression in
liver compared with that in C57BL/6 mice (Cheng et al., 2008).
Because transporters are responsible for a significant phase of chem-
ical handling, this observed change in transporter expression implies
that obese mice should have differential patterns of chemical absorp-
tion and elimination. Multiple drugs show altered pharmacokinetics
and toxicokinetics in obese patients and the underlying reasons for
altered pharmacokinetics in obese patients have not been well defined,
but alterations in drug transporter expression could contribute to these
observations (Bergman et al., 2007; Edelman et al., 2009). Abernethy

et al. (1986) reported altered disposition of nitrazepam in obese
human subjects. The elimination half-life of nitrazepam increased
significantly in obese individuals compared with that in nonobese
subjects. In addition, gentamicin disposition was studied in obese and
lean human subjects (Sketris et al., 1981). The volume of distribution
was significantly different in obese individuals compared with that in
lean individuals. Disposition of vancomycin was also studied in obese
and lean patients (Vance-Bryan et al., 1993). Last, antihyperlipidemic
therapy by atorvastatin (ATV) was found to increase serum alanine
aminotransferase levels more in obese than in lean patients, indicating
a possibility for ATV-mediated liver injury (Kiortsis et al., 2003).
Multiple transporters are involved in disposition of ATV, including

FIG. 3. Basolateral efflux transporters multi-
drug resistance-associated protein Abcc1, 3, 4,
5, and 6 expression in livers of lean control and
DIO mice. A, mRNA expression for Abcc1, 3,
4, 5, and 6. Total RNA was isolated from
mouse livers, and mRNA was quantified using
a branched DNA signal amplification assay.
The data are plotted as average relative light
units (RLU) per 10 �g of total RNA � S.E.M.
�, statistically significant difference of expres-
sion between control and DIO mice (p � 0.05).
B, protein identification and quantification by
Western blotting for Abcc1, 3, 4, and 6 in the
crude membrane fractions from livers of DIO
and lean mice. Proteins (50 �g/lane) were iso-
lated by electrophoresis on 10% acrylamide/bis
gels, transblotted, incubated with primary and
secondary antibodies and substrate, and de-
tected by chemiluminescence. C, quantification
of Western blots with Quantity One software.
The average band intensity for lean mice was
considered to be 100%, and band intensity in
the other group was compared with it to plot the
graphs. �, statistically significant difference be-
tween band intensity average compared with
that of control mice (p � 0.05). mRNA expres-
sion for Abcc1, 4, 5, and 6 remained un-
changed, whereas Abcc3 expression was up-
regulated in DIO mice compared with that in
lean mice. Abcc3 and 4 protein expression was
up-regulated, whereas abcc1 was down-regu-
lated in livers of DIO mice compared with that
in livers of lean controls. Gapdh, glyceralde-
hyde-3-phosphate dehydrogenase.

FIG. 4. Canalicular efflux transporters multidrug resistance-associated protein Abcc2 and breast cancer resistance protein Abcg2 expression in livers of lean control and DIO mice.
A, mRNA expression for Abcc2 and Abcg2. Total RNA was isolated from mouse livers, and mRNA was quantified using a branched DNA signal amplification assay. The data
are plotted as average relative light units (RLU) per 10 �g of total RNA � S.E.M. �, statistically significant difference of expression between lean control and DIO mice (p � 0.05).
B, protein identification and quantification by Western blotting for Abcc2 and Abcg2 in the crude membrane fraction from livers of lean control and DIO mice. The proteins were
isolated by electrophoresis on 10% acrylamide/bis gels, transblotted, incubated with primary and secondary antibodies and substrate, and detected by chemiluminescence.
C, quantification of Western blots with Quantity One software. The average band intensity for lean mice was considered to be 100%, and band intensity in the other groups were
compared with it to plot the graphs. �, statistically significant difference between band intensity average compared with that of lean control mice (p � 0.05). Abcc2 mRNA remained
unchanged, but protein expression was up-regulated, whereas for Abcg2, both mRNA and protein expression was up-regulated in livers of DIO mice compared with that in livers
of lean mice. Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
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SLCO1B1, SLCO1B3, and ABCC2 (Lau et al., 2006), and perhaps
alterations in human transporters with NAFLD or NASH contribute to
the latter observation. Given the increased number of persons present-
ing with NAFLD and NASH and emerging evidence that fatty liver
affects transporter expression in humans and rodents (Lickteig et al.,
2007a), there is a growing need to better predict drug absorption,
distribution, metabolism, and elimination, efficacy, and drug-induced
liver injury using rodent models of obesity and diabetes.

The data presented herein demonstrate that transporter expression
in livers and kidneys of DIO mice are markedly different from that
observed previously with ob/ob and db/db mice. A major difference

between the DIO model versus the ob/ob and db/db models is the
presence of a functional leptin axis. Leptin is a hormone responsible
for maintaining energy homeostasis in the body and hepatic metabolic
function. Along with appetite signaling, it also affects insulin secre-
tion from the pancreas. Lack of leptin causes increased secretion of
insulin, which leads to insulin resistance, marked obesity, and diabetes
(Rabe et al., 2008). DIO mice become overweight/obese because of
consumption of a diet high in fat and calories, which causes increased
adiposity in adipose and liver tissues, eventually resulting in insulin
resistance, but they still possess a functional leptin axis. In contrast,
ob/ob mice have a spontaneous mutation in the gene responsible for

FIG. 5. Uptake transporters Slco1a1 and 1a6, Oat1 and 2, and Oct1 and 2 expression in kidneys of lean control and DIO mice. A, mRNA expression for uptake transporters
organic anion-transporting polypeptide Slco1a1 and 1a6 and organic anion and cation transporters Oat1 and 2 and Oct1 and 2 in kidneys of lean control and DIO mice.
Total RNA was isolated from kidneys of mice by phenol chloroform extraction, and mRNA was quantified using a branched DNA signal amplification assay. The data
are plotted as average relative light units (RLU) per 10 �g of total RNA � S.E.M. B, protein identification and quantification by Western blotting for Slco1a1 in the crude
membrane fraction from kidneys of lean control and DIO mice. The proteins were isolated by electrophoresis on 10% acrylamide/bis gels, transblotted, incubated with
primary and secondary antibodies and substrate, and detected by chemiluminescence. C, quantification of Western blots with Quantity One software. The average band
intensity for lean mice was considered to be 100%, and band intensities in the other groups were compared with it to plot the graphs. �, statistically significant difference
of expression between lean control and DIO mice (p � 0.05). Only Oat2 mRNA expression was down-regulated in DIO mice; Slco1a1 and 1a6, Oat1, and Oct1 and 2 mRNA
remained unchanged compared with that in lean mice. Slco1a1 protein expression also remained unchanged. Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

FIG. 6. Efflux transporter expression in kid-
neys of lean control and DIO mice. A, mRNA
expression for efflux transporters multidrug re-
sistance-associated protein Abcc1, 2, 3, and 4 in
kidneys of lean control and DIO mice. Total
RNA was isolated from mouse kidneys, and
mRNA was quantified using a branched DNA
signal amplification assay. The data are plotted
as average relative light units (RLU) per 10 �g
of total RNA � S.E.M. B, protein identification
and quantification by Western blotting for
Abcc2 and 4 in the crude membrane fraction
from kidneys of lean control and DIO mice.
The proteins were isolated by electrophoresis
on 10% acrylamide/bis gels, transblotted, incu-
bated with primary and secondary antibodies
and substrate, and detected by chemilumines-
cence. C, quantification of Western blots with
Quantity One software. The average band in-
tensity for lean mice was considered to be
100%, and band intensities in the other groups
were compared with it to plot the graphs. �,
statistically significant difference of expression
between lean control and DIO mice (p � 0.05).
Abcc1, 2, 3, and 4 mRNA, as well as Abcc2 and
4 protein expression remained unchanged in
kidneys of DIO mice. Gapdh, glyceraldehyde-
3-phosphate dehydrogenase.

997TRANSPORTER EXPRESSION IN DIO MICE



production of leptin (Ingalls et al., 1950), and db/db mice lack a
functional leptin receptor (Hummel et al., 1966). ob/ob and db/db
mice also exhibit marked onset of obesity, fatty liver, and hypergly-
cemia, with serum glucose and insulin levels being approximately
double that observed for DIO mice (Lam et al., 2010). Although it is
not clear whether leptin has a primary or secondary effect on trans-
porter expression in the liver, it is clear that lack of a functioning
leptin pathway results in marked changes in transporter expression
compared with that in mice, which possess functional leptin and leptin
receptors.

A notable difference in the data presented in this study compared
with the results of Cheng et al. (2008) is the lack of alterations
observed in kidney transporter expression in DIO mice. Cheng et al.
(2008) reported multiple changes in renal expression of slco1a1 and
abcc4 transporters in kidneys of ob/ob mice. However, in the current
study, we observed a single slight decrease in one transporter (oat2) in
kidneys of DIO mice. Few studies have addressed renal expression in
models of obesity or NAFLD. One could hypothesize that there are
several differences between the DIO and ob/ob models that could
contribute to regulation of renal expression, such as circulating glu-
cose, leptin, insulin, and glucagon levels. First, a functional leptin
pathway may act on renal cells to regulate gene expression directly.
There is some evidence that circulating leptin is important for regu-
lating enzyme expression in kidney. For example, renal 25-hydroxyvi-
tamin D3-24-hydroxylase (CYP24) mRNA synthesis also is markedly
elevated in ob/ob and db/db mice, and administration of leptin atten-
uates this effect (Matsunuma and Horiuchi, 2007; Tsuji et al., 2010).
Second, the ob/ob and db/db models typically exhibit higher levels of
insulin and glucagon compared with those in DIO mice, and insulin is
known to interact with various nuclear hormone receptor-activated
pathways (Pandey et al., 2007; Davis et al., 2010).

Abcc transporters are known to be regulated by several nuclear
receptors, constitutive androstane receptor (CAR), pregnane X recep-
tor, peroxisome proliferator-activated receptor-�, and nuclear factor
E2-related factor 2 (Nrf2, Nfe2l2) (Maher et al., 2008; Gao and Xie,
2010). With regard to NASH, it has been demonstrated that CAR
activation plays a role in development of liver injury (Yamazaki et al.,
2007). In consideration of certain Abcc transporter regulation by CAR
and the relationship between NASH and CAR, there is the possibility
of CAR playing a role in altered transporter expression in DIO mice.
In addition, circulating and hepatic triglycerides and FFAs are ele-
vated in the DIO model (Masaki et al., 2001), and it is known that the
FFAs are ligands for nuclear hormone receptors such as peroxisome
proliferator-activated receptor �, which can up-regulate Abcc3 and 4
mRNA expression (Maher et al., 2008). In a previous study, Cheng et
al. (2008) demonstrated that nuclear levels of Nrf2 are increased in
livers of ob/ob mice. Thus, one possibility for up-regulation of abcc is
increased Nrf2 activity in mice with fatty liver. In liver, Nrf2 regulates
the expression of abcc3 and 4 (Maher et al., 2008; Okada et al., 2008).

Along with the above-mentioned transcription factors, certain cy-
tokines have also been shown to affect transporter expression. Li-
popolysaccharide-induced inflammation was found to increase Abcc1,
3, and 5 expression but decrease Abcc2 and 6 expression in wild-type
mice (Lickteig et al., 2007b). In addition, in some studies using human
hepatocytes, it was seen that treatment with interleukin-6 decreased

FIG. 8. Protein expression of efflux transport-
ers ABCC2, 3, and 4 in steatotic and nonstea-
totic human liver tissues. Human liver tissues
were obtained from the Liver Tissue Cell Dis-
tribution System. A, protein expression by
Western blotting. The membrane fractions were
isolated from these tissues and subjected to
SDS-polyacrylamide gel electrophoresis, fol-
lowed by transfer to a PVDF membrane and
incubations with primary and secondary anti-
bodies. B, quantification of Western blots. The
Western blots were quantified by Quantity One
software. It was observed that steatosis signif-
icantly up-regulated ABCC4 protein expres-
sion. ABCC2 protein levels remained un-
changed. ABCC3 also showed an increasing
trend, but the blot was not quantified, as some
bands were not detectable by software.

FIG. 7. mRNA expression of proinflammatory cytokines interleukin (IL)-1�,
Mcp-1, and Icam-1 in livers of lean and DIO mice. Total RNA was isolated from
liver tissues and quantified by the QuantiGene Plex 2.0 assay for cytokines. Data are
plotted as average fluorescence intensity per 850 ng of total RNA. �, statistically
significant difference of expression between lean control and DIO mice (p � 0.05).
IL-1� mRNA expression was up-regulated in DIO mice compared with that in lean
mice. Mcp-1 and Icam-1 remained unchanged.
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expression of ABCC2, ABCG2, and ABCB1 (Vee et al., 2009). In
livers of DIO mice, interleukin-1� was increased compared with that
in lean mice, indicating the presence of inflammation, which might
affect transporter expression.

Because certain transporters are regulated in rodents and humans by
similar nuclear receptors and share similar substrates, data from this
study as well as from others (Cheng et al., 2008; Lam et al., 2010)
suggest that humans who are obese and have diabetes may have
altered expression of certain transporters. As is seen in Fig. 8, ABCC4
protein expression was up-regulated in livers of humans with steato-
sis, which agrees with increased Abcc4 mRNA and protein expression
in livers of DIO mice. This result indicates that obese humans, who
are more prone to steatosis, might have altered expression of other
transporters mentioned in this study. Differences in rodent obesity
models and the effect of a functional leptin axis on gene and protein
expression should be considered in the selection of rodent models for
predicting drug absorption, distribution, metabolism, and elimination
and drug-induced liver injury.
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