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Abstract: Obesity and type II diabetes pose a serious human health risk. Obese or diabetic patients
usually take prescription drugs that require hepatic and renal metabolism and transport, and these patients
sometimes display different pharmacokinetics of these drugs. Therefore, mRNA and protein expression
of drug-metabolizing enzymes (DMEs) and transporters was measured in livers and kidneys of adult
wild-type and ob/ob mice, which model obesity and diabetes. mRNA expression of numerous DMEs
increased by at least 2-fold in livers of male ob/ob mice, including Cyp4a14, Cyp2b10, NAD(P)H:quinone
oxidoreductase 1 (Nqo1), and sulfotransferase 2a1/2. In general, expression of uptake transporters was
decreased in livers of ob/ob mice, namely organic anion-transporting polypeptides (Oatps) and sodium/
taurocholate cotransporting polypeptide (Ntcp). In particular, Oatp1a1 mRNA and protein expression in
livers of ob/ob mice was diminished to <5% and <15% of that in wild-types, respectively. Generally, the
mRNA and protein expression of efflux transporters multidrug resistance-associated proteins (Mrps) was
increased in livers of ob/ob mice, particularly with Mrp4 expression being elevated by at least 6-fold and
Mrp2 expression at least 3-fold in livers of ob/ob mice. In kidney, Nqo1, Mrp3, 4, Oatp1a1, and organic
anion transporter 2 (Oat2) showed significant alterations with mRNA expression levels in ob/ob mice,
being increased for Nqo1 and Mrp4 and decreased for Mrp3, Oatp1a1, and Oat2. In summary, the
expression of a number of DMEs and transporters was significantly altered in livers and kidneys of ob/
ob mice. Since expression of some DMEs and transporters is regulated similarly between mouse and
human, the data from this study suggest that transporter expression in liver and kidney may be changed
in patients presenting with obesity and/or type II diabetes.
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Introduction
Obesity, which has become one of the greatest threats to

global human health, shows significant association with type

II diabetes and other metabolic disease clusters, such as fatty
liver disease, high blood pressure, and high cholesterol
levels.1–3 More than 80% of people with type II diabetes
are overweight.4 The linkage between obesity and diabetes
has become clear in the past decade: low-level chronic and
local inflammation, triggered by obesity, is critical in the
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development of type II diabetes.5,6 Diabetic patients usually
take prescription drugs that require hepatic and renal
metabolism and transport, which are accomplished by drug-
metabolizing enzymes (DMEs) and transporters in the body.
Altered expression of DMEs and transporters results in
changed drug pharmacokinetics and pharmacodynamics in
humans and rodents. Pharmacokinetic changes of several
drugs, such as acetaminophen, oltipraz, chlorzoxazone,
theophylline, torasemide, clarithromycin, furosemide, and
methotrexate, have been reported in rat models of diabetes
mellitus induced by alloxan or streptozotocin treatment. 7–14

Changes in expression of cytochrome P450 (Cyp) isoforms
were also observed in those rat models of diabetes, such as

increased Cyp1A2, 2B1/2, 2E1, and 3A1(23) and decreased
2C11.9–11 In rats, streptozotocin treatment also increased
multidrug resistance protein 2 (Mdr2) in liver, resulting in
increased phospholipid secretion into bile.15 Although the
causes and symptoms for diabetes associated with obesity
differ from insulin-dependent type I diabetes, it is possible
for altered expression of DMEs and transporters to occur in
obesity and its associated diabetes and fatty liver, resulting
in changed drug pharmacokinetics and pharmacodynamics.
However, there is minimal data available regarding the
expression of DMEs, hepatobiliary, and renal transporters
in obesity and its associated diabetes and fatty liver.

DMEs are important for the detoxification of exogenous
compounds including prescription drugs. Among CYP iso-
forms, CYP3A4 in humans is responsible for metabolism
of approximately 60% of all clinically used drugs, as well
as some steroids and bile acids. Compared to CYP3A4,
CYP2B6 has a relatively smaller but still significant role in
drug metabolism. Human CYP3A4 and 2B6 correspond to
Cyp3a11 and 2b10 in mouse, respectively. Cyp4a14 and 2e1
in mouse are two key enzymes related to obese and diabetes
through metabolizing fatty acids and endogenous ketones.16

Besides Cyps, there are some other enzymes playing
important roles for endogenous and exogenous compounds
inactivation or detoxification. For instance, NAD(P)H:
quinone oxidoreductase 1 (Nqo1) acts as a cytoprotectant
by catalyzing obligate two electron reduction of quinones
and semiquinones compounds to relatively stable hydro-
quinones, and sulfotransferases (Sults) lead to the formation
of hydrophilic products for excretion through sulfoconjuga-
tion.18 Heme oxygenase-1 (HO-1) exerts antioxidant cyto-
protective effects by augmenting the breakdown of proox-
idant heme to billirubin and facilitating iron extrusion from
cells.19

Hepatobiliary transporters equip hepatocytes to extract
compounds from portal blood and subsequently excrete them
and their metabolites into bile or blood. Uptake solute
carriers, including organic anion-transporting polypeptides
(Oatps), sodium/taurocholate-cotransporting polypeptide (Ntcp),
and organic cation transporters (Octs), are localized to the
basolateral membrane and transport xenobiotics and bile
acids into hepatocytes. Efflux transporters that are localized

(2) Mokdad, A. H.; Ford, E. S.; Bowman, B. A.; Dietz, W. H.;
Vinicor, F.; Bales, V. S.; Marks, J. S. Prevalence of obesity,
diabetes, and obesity-related health risk factors, 2001. JAMA 2003,
289 (1), 76–79.

(3) Saltiel, A. R. Series introduction: the molecular and physiological
basis of insulin resistance: emerging implications for metabolic
and cardiovascular diseases. J. Clin. InVest. 2000, 106 (2), 163–
164.

(4) NIDDK Diet and Exercise Dramatically Delay Type 2 Diabetes:
Diabetes Medication Metformin Also Effective. http://www.nlm.
nih.gov/databases/alerts/diabetes01.html

(5) Bastard, J. P.; Maachi, M.; Lagathu, C.; Kim, M. J.; Caron, M.;
Vidal, H.; Capeau, J.; Feve, B. Recent advances in the relationship
between obesity, inflammation, and insulin resistance. Eur.
Cytokine. Netw. 2006, 17 (1), 4–12.

(6) Wellen, K. E.; Hotamisligil, G. S. Inflammation, stress, and
diabetes. J. Clin. InVest. 2005, 115 (5), 1111–1119.

(7) Bae, S. K.; Kang, H. E.; Kang, M. K.; Kim, J. W.; Kim, T.; Lee,
M. G. Pharmacokinetics of oltipraz in mutant Nagase analbumin-
emic rats. J. Pharm. Sci. 2006, 95 (5), 998–1005.

(8) Baek, H. W.; Bae, S. K.; Lee, M. G.; Sohn, Y. T. Pharmacokinetics
of chlorzoxazone in rats with diabetes: Induction of CYP2E1 on
6-hydroxychlorzoxazone formation. J. Pharm. Sci. 2006, 95 (11),
2452–2462.

(9) Kim, Y. C.; Lee, A. K.; Lee, J. H.; Lee, I.; Lee, D. C.; Kim,
S. H.; Kim, S. G.; Lee, M. G. Pharmacokinetics of theophylline
in diabetes mellitus rats: induction of CYP1A2 and CYP2E1 on
1,3-dimethyluric acid formation. Eur. J. Pharm. Sci. 2005, 26 (1),
114–123.

(10) Kim, Y. C.; Lee, J. H.; Kim, S. H.; Lee, M. G. Effect of
CYP3A1(23) induction on clarithromycin pharmacokinetics in rats
with diabetes mellitus. Antimicrob. Agents Chemother. 2005, 49
(6), 2528–2532.

(11) Kim, Y. C.; Oh, E. Y.; Kim, S. H.; Lee, M. G. Pharmacokinetics
and pharmacodynamics of intravenous torasemide in diabetic rats
induced by alloxan or streptozotocin. Biopharm. Drug Dispos.
2005, 26 (8), 371–378.

(12) Park, J. M.; Moon, C. H.; Lee, M. G. Pharmacokinetic changes
of methotrexate after intravenous administration to streptozotocin-
induced diabetes mellitus rats. Res. Commun. Mol. Pathol.
Pharmacol. 1996, 93 (3), 343–352.

(13) Park, J. H.; Lee, W. I.; Yoon, W. H.; Park, Y. D.; Lee, J. S.; Lee,
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to the canalicular membrane mediate excretion of chemicals
and their metabolites from hepatocytes into bile, whereas
efflux transporters localized to the basolateral membranes
mediate efflux of chemicals from hepatocytes into blood.
Efflux transporters include multidrug resistance proteins
(Mdrs), multidrug resistance-associated protein (Mrps), bile
salt export pump (Bsep), and breast cancer resistance protein
(Bcrp). In kidney, organic anions transporters (Oats), organic
cation transporters (Octs), Oatps, Mdrs, and Mrps are im-
portant for determining the clearance and urinary excretion
of many drugs and toxicants.

Proper modeling of obesity and diabetes in rodents will
provide invaluable information to aid in the prediction of
drug efficacy, pharmacokinetics, and toxicity in morbidly
obese humans. In the current study, we intend to use the
ob/ob mouse strain as a model to characterize expression of
DMEs and transporters in obesity and its associated diabetes.
Ob/ob mice were first described in 1994, as mice with a
mutation in the obese gene that encodes for a protein called
leptin.20 The ob/ob phenotype displays profound obesity and
type II diabetes, mimicking morbid obesity in humans.20

Increased circulating cholesterol levels (2–3 fold over control
after fasting), triglyceride levels (1.5- to 2-fold), and insulin
levels (41.5 vs 0.8 ng/mL in 12-week old males) are observed
in the ob/ob mice, with glucose tolerance and insulin
resistance.21,22 In addition, ob/ob mice display hepatic
steatosis (fatty liver), which is a condition common to obesity
and type II diabetes. Hepatic steatosis also shows association
with changes of transporter expression in liver in some mouse
models.23 Given the prevalence of these diseases in the
United States and the increasing use of prescription drugs,
it is important to determine whether they can cause altered
drug pharmacokinetics or drug-drug interactions. Therefore,
we hypothesized that ob/ob mice exhibit altered mRNA and
protein expression of hepatic and renal DMEs and transport-
ers with subsequent changes in pharmacokinetics of some
drugs. In the current study, we characterized mRNA and
protein expression of numerous DMEs and transporters in
livers and kidneys of ob/ob.

Experimental Methods
Animals. Eight-week-old C57BL/6 and ob/ob (B6.V-

Lepob/J) mice (n ) 5 for each strain and gender) were
purchased from the Jackson Laboratories (Bar Harbor, ME),
housed under a constant dark/light cycle (12 h/12 h), and
given food and water ad libitum. The mice were fed the same
feed (LabDiet 5K20) as at Jackson Laboratories in order to
maintain a consistent feed source. After 3 weeks acclimation,
mice were anesthetized by isofluorane inhalation. Blood was
collected by cardiac puncture, and serum was obtained after
centrifugation. Livers and kidneys were collected, snap frozen
with liquid nitrogen, and stored in -80 °C for future analysis.
All animal experiments were approved by Institutional
Animal Care and Use Committee (IACUC) of University of
Rhode Island.

Glucose Assay. Glucose levels in serum were analyzed
using glucose (HK) assay kit (Sigma-Aldrich, Saint Louis,
MO) according to the manufacturer’s instruction with a slight
modification. Samples were analyzed using a 96-well mi-
croplate format, with10 µL of serum (0.5–50 µg of glucose)
and 100 µL of glucose assay reagent added into each well.
The light path length at which the absorbance was read in
microplate was determined by taking the average ratio of
M340/M340corr values, in which M340 ) Areagent blank – ADI blank

in microplate and M340corr ) Areagent blank – ADI blank in 1 cm
cuvettes.

Hematoxylin/Eosin and Oil Red O Staining. Standard
methods were used to fix and stain liver tissues with
hematoxylin and eosin. Briefly, liver tissues were fixed for
24 h in 10% formaldehyde and transferred to 75% ethanol,
embedded with paraffin, sectioned to 5 µm, and then stained
with hematoxylin and eosin. For Oil Red O staining, frozen
liver tissues were sectioned to 5 µm thickness and then
stained using Oil Red O kit (Diagnostic BioSystems, Inc.
(DBS), Pleasanton, CA) as per the manufacturer’s procedure.

RNA Extraction. Total RNA from liver or kidney was
extracted using the RNA Bee reagent (Tel-Test Inc., Friend-
swood, TX) according to the manufacturer’s protocol. RNA
integrity was confirmed by formaldehyde-agarose gel
electrophoresis.

Oligonucleotide Probe Sets for bDNA Assay. Probe sets
for mouse Cyp4a14, 2b10, 3a11, 2e1, Ho-1, Nqo1, Sult2a1/
2, Mrp1–6, Oatp1a1, 1a4, 1b2, 1a6, 2b1, Oat1–3, Bsep, Bcrp,
Ntcp, and Mdr2 have been previously described.24–30 Mouse
gene sequences of interest were acquired from GenBank.
Multiple oligonucleotide probe sets [capture extender (CE),

(20) Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.;
Friedman, J. M. Positional cloning of the mouse obese gene and
its human homologue. Nature 1994, 372 (6505), 425–432.

(21) Nishina, P. M.; Lowe, S.; Wang, J.; Paigen, B. Characterization
of plasma lipids in genetically obese mice: the mutants obese,
diabetes, fat, tubby, and lethal yellow. Metabolism 1994, 43 (5),
549–553.

(22) Dong, F.; Zhang, X.; Yang, X.; Esberg, L. B.; Yang, H.; Zhang,
Z.; Culver, B.; Ren, J. Impaired cardiac contractile function in
ventricular myocytes from leptin-deficient ob/ob obese mice. J.
Endocrinol. 2006, 188 (1), 25–36.

(23) Erickson, R. P.; Bhattacharyya, A.; Hunter, R. J.; Heidenreich,
R. A.; Cherrington, N. J. Liver disease with altered bile acid
transport in Niemann-Pick C mice on a high-fat, 1% cholesterol
diet. Am. J. Physiol. Gastrointest. LiVer Physiol. 2005, 289 (2),
G300–307.

(24) Aleksunes, L. M.; Slitt, A. M.; Cherrington, N. J.; Thibodeau,
M. S.; Klaassen, C. D.; Manautou, J. E. Differential expression
of mouse hepatic transporter genes in response to acetaminophen
and carbon tetrachloride. Toxicol. Sci. 2005, 83 (1), 44–52.

(25) Alnouti, Y.; Klaassen, C. D. Tissue distribution and ontogeny of
sulfotransferase enzymes in mice. Toxicol. Sci. 2006, 93 (2), 242–
255.

(26) Buist, S. C.; Klaassen, C. D. Rat and mouse differences in gender-
predominant expression of organic anion transporter (Oat1–3;
Slc22a6–8) mRNA levels. Drug Metab. Dispos. 2004, 32 (6), 620–
625.
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label extender (LE), and blocker (BL) probes] were designed
using ProbeDesigner software version 1.0 (Bayer Corp.,
Emeryville, CA), to be highly specific to a single mRNA
transcript. All oligonucleotide probes were designed with a
melting temperature of approximately 63 °C. Each probe
designed in ProbeDesigner was submitted to the National
Center for Biotechnological Information for nucleotide
comparison by the basic local alignment search tool (BLASTn)
to ensure minimal cross-reactivity with other mouse se-
quences. Oligonucleotides with a high degree of similarity
to other mouse gene transcripts were eliminated from the
design.

Branched DNA Signal Amplification (bDNA) Assay. All
reagents for analysis (i.e., lysis buffer, capture hybridization
buffer, amplifier/label probe buffer, and substrate solution)
were supplied in the QuantiGene HV signal amplification
kit (Panomics, Fremont, CA). Oligonucleotide probes were
diluted in lysis buffer. Total RNA (1 µg/µL, 10 µL) was
added to each well of a 96-well plate containing 50 µL of
capture hybridization buffer and 100 µL of diluted probe
set. Total RNA was allowed to hybridize to probe sets
overnight at 53 °C. Subsequent hybridization steps were
carried out according to the manufacturer’s protocol, and
luminescence was measured with a Quantiplex 320 bDNA
luminometer interfaced with Quantiplex Data Management
Software version 5.02 (Bayer Corp., Diagnostics Div.,
Tarrytown, NY). The luminescence for each well was
reported as relative light units (RLU) per 10 µg total RNA.

Membrane, Cytosol, and Nuclear Fraction Prepara-
tion. Livers (∼50 mg) or half of a kidney were homogenized
in sucrose-Tris (ST) buffer (10× volume of sample amount,
0.25 mol/L sucrose, 10 mmol/L Tris–HCl, pH 7.4) containing
protease inhibitor cocktail (2 µL/mL, Sigma Chemical Co.
P8340) and centrifuged at 100000g for 60 min at 4 °C. The
resulting supernatant was the cytosolic fraction and the pellet
was the membrane fraction. ST buffer was used to resuspend
the resulting pellet (membrane fraction). Nuclear proteins
were prepared from liver using the NE-PER kit (Pierce,
Rockford, IL) according to the manufacturer’s instructions.
Membrane, cytosolic, and nuclear protein concentrations

were determined by the method of Lowry using Bio-Rad
protein assay reagents (Bio-Rad Laboratories, Hercules, CA).

Western Analysis of Mouse Liver Fractions. Methods
for Western blot analysis of transport and enzyme proteins
were according to previous reports.31 Proteins (50 µg of
protein/lane) were electrophoretically resolved using poly-
acrylamide gels (8, 10, or 12% resolving, 4% stacking) and
transblotted overnight at 4 °C onto PVDF membrane
(Millipore, Bedford, MA). The membranes were blocked
with 2% nonfat dry milk (5% nonfat dry milk for hepatocyte
nuclear factor 1R (HNF1R)) in PBS with 0.1% Tween (PBS/
T) for 1 h and then incubated for 2 h with the primary
antibody diluted in blocking buffer (PBS/T with 2% or 5%
milk)) (all at room temperature). After washing, the mem-
branes were incubated for 1 h with a species-appropriate
peroxidase-labeled secondary antibody (Sigma-Aldrich, St.
Louis, MO) diluted in 2 or 5% milk-PBS/T at room
temperature. Table 1 describes the specific information and
conditions used for the primary and secondary antibodies
used in this study. After incubation with the secondary
antibody, membranes were washed, incubated with ECL
chemiluminescent kit (Amersham Life Science, Arlington
Heights, IL), and exposed to Fuji medical X-ray film (Fisher
Scientific, Springfield, NJ). The intensity of the protein bands
was quantified using Kodak Molecular Imaging Software
(Vision 4.0.4, Eastman Kodak Co.).

Membranes were stripped and reprobed for Mrp2, 6,
Cyp3a11, and Cyp2e1 immunostaining and detection for liver

(27) Cheng, X.; Maher, J.; Chen, C.; Klaassen, C. D. Tissue distribution
and ontogeny of mouse organic anion transporting polypeptides
(Oatps). Drug Metab. Dispos. 2005, 33 (7), 1062–1073.

(28) Cheng, X.; Maher, J.; Dieter, M. Z.; Klaassen, C. D. Regulation
of mouse organic anion-transporting polypeptides (Oatps) in liver
by prototypical microsomal enzyme inducers that activate distinct
transcription factor pathways. Drug Metab. Dispos. 2005, 33 (9),
1276–1282.

(29) Cherrington, N. J.; Slitt, A. L.; Maher, J. M.; Zhang, X. X.; Zhang,
J.; Huang, W.; Wan, Y. J.; Moore, D. D.; Klaassen, C. D.
Induction of multidrug resistance protein 3 (mrp3) in vivo is
independent of constitutive androstane receptor. Drug Metab.
Dispos. 2003, 31 (11), 1315–1319.

(30) Hartley, D. P.; Klaassen, C. D. Detection of chemical-induced
differential expression of rat hepatic cytochrome P450 mRNA
transcripts using branched DNA signal amplification technology.
Drug Metab. Dispos. 2000, 28 (5), 608–616.

(31) Aleksunes, L. M.; Scheffer, G. L.; Jakowski, A. B.; Pruimboom-
Brees, I. M.; Manautou, J. E. Coordinated expression of multidrug
resistance-associated proteins (Mrps) in mouse liver during
toxicant-induced injury. Toxicol. Sci. 2006, 89 (2), 370–379.

Table 1. Information for Primary Antibodies Used for
Western Blots

antigen antibody source
cell

fraction
primary

Ab concn
MW

(kDa)

Cyp2e1 Ab28146 Abcama membrane 1:5000 ∼60
Cyp3a11 PA1–343 Affinity Bioa membrane 1:5000 ∼45
Ho-1 SPA895 Stressgena membrane 1:2000 ∼32
Nqo1 Ab2346 Abcama cytosol 1:1000 ∼32
Ntcp NtcpK4 Switzerlandb membrane 1:5000 ∼50
Oatp1 KUMCc membrane 1:1000 ∼70
Oatp2 KUMCc membrane 1:1000 ∼70
Oatp4 KUMCc membrane 1:2000 ∼70
Mrp1 MRPr1 VUMCd membrane 1:2000 ∼190
Mrp2 M2III-5 VUMCd membrane 1:600 ∼190
Mrp3 M3II-2 VUMCd membrane 1:2000 ∼180
Mrp4 M4I-10 VUMCd membrane 1:2000 ∼160
Mrp5 M5I-60 VUMCd membrane 1:50 ∼160
Mrp6 M6II-68 VUMCd membrane 1:1000 ∼165
Bcrp BXP-53 VUMCd membrane 1:2000 ∼75
HNF1R H140 Santa Cruza nuclear 1:500 ∼79

a Abcam (Cambridge, MA), Affinity Bioreagents (Golden, CO),
Stressgen (San Diego, CA), Santa Cruz Biotechnologies (Santa
Cruz, CA). b University of Hospital, Zurich, Switzerland, Bruno
Steiger. c University of Kansas Medical Center, Kansas City, KS,
Curtis D. Klaassen. d VU Medical Center, Amsterdam, The Neth-
erlands, George Scheffer.
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samples. Equal protein loading was confirmed by coomassie
stain of PVDF membranes.

Statistical Analysis. Statistical analyses of differences
were performed by Student’s t test. P < 0.05 was considered
statistically significant. Unless otherwise stated, all data were
presented as mean ( SE of five animals.

Results
Liver, Kidney, Body Weight, Serum Glucose Levels,

And Hepatic Fat Accumulation in ob/ob Mice. Table 2
illustrates liver, kidney, and body weight, liver/body weight
ratio, and serum glucose levels in ob/ob mice and wild-type
controls at 11 weeks old. The liver weights of ob/ob mice
were approximately 3-fold higher than that of the wild-type
mice, and the ob/ob body weights were 1–2 fold higher than
that of the wild-type mice. Serum glucose levels in ob/ob
mice were more than twice of that in serum of wild-type
mice, which indicated that these ob/ob mice had diabetes.
Both hematoxylin and eosin staining and Oil Red O staining
of liver sections showed accumulation of fat in livers from
ob/ob mice (Figure 1). Histopathological observation of the
wild-type liver appeared normal. Whereas in the ob/ob mice,
microvasicular or monolocular vacuolations were observed
in nearly all of the hepatocytes, as indicated by positive Oil
Red O staining. No hepatic necrosis, inflammation or fibrosis

was present in either strain, except for microgranuloma (a
spontaneous lesion in rodents).

Liver Expression of Drug-Metabolizing Enzymes in
ob/ob Mice. Figure 2 illustrates the mRNA expression of
several DMEs in livers of ob/ob and wild-type mice. Some
of these genes were selected because they are known to be
induced through certain nuclear hormone receptor-mediated
transcriptionalpathways(i.e.,Cyp4a14–PPARa,Cyp3a11–PXR,
Cyp2b10 and Sult2a1/2–CAR, and Nqo1 and Ho-1–Nrf2).
In livers of female ob/ob mice, Nqo1 mRNA expression
increased by 40%, whereas Cyp2b10, 3a11, and 2e1 expres-
sion was decreased to around 60% of that in livers of wild-
type females. Cyp4a14, Ho-1, and Sult2a1/2 mRNA expres-
sion in females did not differ significantly between ob/ob
and wild types. In males, mRNA levels of Cyp4a14, 2b10,
Ho-1, and Nqo1 in livers of ob/ob mice were increased 14.3,
2.3, 1.4, and 3.6-fold, respectively. In contrast, Cyp2e1
expression was decreased to 75% in livers of ob/ob mice as
compared to that expressed in livers of wild-type males.
Cyp3a11 mRNA expression was similar in livers of male
ob/ob and wild-type mice. Significant gender differences
were observed in livers of wild-type mice with Cyp4a, 2b10,
2e1, Nqo1, and Sult2a1/2 mRNA expression in females being
14.2-, 3.1-, 1.1-, 1.8-, and 130.9-fold higher, respectively,
as compared to males. In ob/ob mice, Ho-1 and Sult2a1/2
mRNA expression was 1.4-fold lower and 3.4-fold higher
in female livers, respectively, as compared to that in males.

Because of limited antibody availability, only Ho-1, Nqo1,
Cyp2e1, and 3a11 protein expression was analyzed by
Western blot (Figure 3). Consistent with the observed mRNA
expression, Ho-1 protein expression was significantly de-
creased in livers of ob/ob female mice (63% of that in wild
types), but 3.2-fold increased in livers of ob/ob male mice.
Nqo1 protein expression was increased by 1.8 and 6.7-fold
in livers of female and male ob/ob mice, respectively. In
females, Cyp2e1 and 3a11 protein expression in liver did
not differ between wild-type and ob/ob mice.

However, in males, Cyp2e1 and 3a11 protein expression
in livers of ob/ob mice was significantly decreased to 82%
and 58% of that in wild-types, respectively.

Liver Expression of Uptake Transporters in ob/ob
Mice. Uptake solute carriers are localized to the basolateral
membrane and transport xenobiotics, as well as other
chemicals, into the hepatocytes. Figure 4 illustrates the
mRNA expression of Oatp1a1, 1a4, 1b2, 1a6, 2b1, and Ntcp
in livers of ob/ob and wild-type mice. In general, the mRNA
expression of these transcripts was decreased in livers of both

Table 2. Liver, Kidney, and Body Weights, and Serum Glucose Levels in 11-Week-Old Wild-Type and Ob/Ob Mice

strain gender liver wt (g) kidney wt (g) average body wt (g) liver/body wt
glucose levels

(mg glucose/mL serum)

wild-type female 0.87 ( 0.06 0.22 ( 0.03 20.6 0.04 1.58 ( 0.07
male 1.14 ( 0.11a 0.32 ( 0.04a 27.2 0.04 1.57 ( 0.10

ob/ob female 3.61 ( 0.64b 0.36 ( 0.03b 59.0 0.06 3.88 ( 0.14b

male 4.49 ( 1.09b 0.43 ( 0.05*b 58.4 0.08 3.86 ( 0.02b

a Significant difference (p e 0.05) compared with corresponding female mice (same strain). b Significant difference (p e 0.05) compared
to corresponding wild-type mice (same gender).

Figure 1. Hematoxylin and eosin (H&E) (top,
magnification 20×) and Oil Red O staining (bottom,
magnification 10×) of liver sections from wild-type and
ob/ob mice. For H&E staining, liver tissues were stored
in 75% ethanol after 24 h of fixation with 10% forma-
ldehyde solution. After routine processing, livers were
embedded in paraffin and sectioned to 5 µM and then
stained with hematoxylin and eosin. For Oil Red O
staining, frozen, unfixed livers were cryosectioned to 5–
10 µM and then stained with Oil Red O.

Enzyme and Transporter Expression in ob/ob Mice articles

VOL. 5, NO. 1 MOLECULAR PHARMACEUTICS 81

http://pubs.acs.org/action/showImage?doi=10.1021/mp700114j&iName=master.img-000.jpg&w=235&h=133


female and male ob/ob mice as compared to that in wild-
types. In livers of ob/ob females, Oatp1a1 and 1a4 mRNA
expression were decreased dramatically to 1% and 30% of
that detected in livers of wild-type females, respectively.
Oatp1b2 and Ntcp mRNA expression in livers of ob/ob
females was also significantly decreased to about 72% of
that in detected in livers of wild-type females. Oatp2b1
mRNA expression did not differ in livers of ob/ob and wild-
type females. In males, Oatp1a1 mRNA expression in ob/
ob livers was almost abolished and was 0.5% of that detected
in livers of wild-type mice. Oatp1a4 expression in livers of
male ob/ob mice was approximately half of that detected in
livers of wild-type male mice. Oatp1b2, 2b1, and Ntcp
mRNA expression did not differ in livers of ob/ob and wild
type males. Significant gender differences were observed in
livers of wild-type mice for Oatp1a1, 1a4, 2b1, and Ntcp,
with 2.6-fold higher Oatp1 mRNA levels expressed in males,
1.8, 1.3, and 1.5-fold higher Oatp1a4, 2b1, and Ntcp mRNA
levels in females, respectively.

Figure 5 illustrates relative protein expression of Oatp1a1,
1a4, b2, and Ntcp in livers of ob/ob as compared to wild-
type mice. Consistent with the observed mRNA expression,
a significant decrease in Oatp1a1 protein expression levels
in livers of both female and male ob/ob mice was shown by
Western blots; protein expression of Oatp1a1 in ob/ob
females and males was 10% and 15% of that in wild-types,
respectively. Protein expression of Oatp1a4 was 2.4 and 1.2-
fold increased in ob/ob females and males, respectively;
however, a significant decrease of Oatp1a4 mRNA expres-
sion levels was observed in ob/ob mice for both genders.
Oatp1b2 protein expression was significantly increased by
130% in livers of ob/ob females and decreased in ob/ob males
to 74% as compared to wild-types. However, Oatp1b2
mRNA expression was significantly decreased in livers of
ob/ob females. Ntcp protein expression in ob/ob female and
male mice was decreased to 66% and 49% of that in wild-
types, respectively.

Figure 2. Drug-metabolizing enzymes (DMEs), cytochrome P450 (Cyp) 4a14, 2b10, 3a11, 2e1, heme oxygenase-1
(Ho-1), NAD(P)H:quinone oxidoreductase 1 (Nqo1), and sulfotransferase (Sult) 2a1/2 mRNA expression in livers of
wild-type and ob/ob mice. Total RNA was isolated from liver, and mRNA levels were quantified using branched DNA
signal amplification assay. The data is presented as mean RLU ( SEM (n ) 5 animals). # represent a statistical
difference between wild-type and ob/ob mice in the same gender (p e 0.05); asterisks (*) represent a statistical
difference between female and male in the same strain (p e 0.05).
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Liver Expression of Efflux Transporters in ob/ob
Mice. Efflux transporters are localized to basolateral and
canalicular membranes and function to transfer bile acids,
drugs, and metabolites from hepatocytes to blood or bile,
respectively. Among the Mrp family, Mrp1 and 3–6 are
localized to basolateral membrane, whereas Mrp2 is localized
to the canalicular membrane. Figure 6 illustrates the mRNA
expression of Mrp1,3–6 in livers of ob/ob and wild-type
mice. In livers of ob/ob females, Mrp1 and 6 mRNA
expression levels were decreased to 58% and 62%, whereas
Mrp4 mRNA expression was increased by 90% of that
detected in wild-type females. Mrp3 and 5 mRNA expression
in livers did not differ significantly between ob/ob and wild-
type females. In ob/ob males, Mrp3–5 mRNA expression
levels in liver increased 1.6-, 5.3-, and 1.5-fold, respectively,
and no significant difference was observed for Mrp1 and 6
mRNA expression between ob/ob and wild-types. Significant
gender difference was observed in wild types for Mrp3, 4,
and 6 mRNA expression in livers, which was 1.4-, 2.0-, and
1.4-fold higher in females, respectively.

Consistent with observed mRNA expression, Western
analyses showed a marked increase of Mrp4 protein expres-
sion level in ob/ob mice for both genders compared to wild-
type; Mrp4 protein level in ob/ob females was 6.5-fold higher
than in wild-type females, and for males, the protein was
highly expressed in ob/ob while not detectable in wild-type
(Figure 7). Mrp1 protein expression decreased significantly
in ob/ob females (58% of that in wild-type females), while
it was 3.2-fold higher in ob/ob males as compared to wild-
types. Mrp3 and 5 protein expression was similar in livers
of ob/ob and wild-type female mice. In contrast in males,

Mrp3 and 5 protein expression was increased by 2.5- and
3.0-fold in livers of ob/ob mice, respectively, as compared
to that in wild-types. Mrp6 protein expression in livers of
ob/ob females and males decreased to 63% and 36% of that
in wild-types, respectively.

Four canalicular efflux transporters, namely Mrp2, Mdr2,
Bsep, and Bcrp, were analyzed for mRNA expression levels
(Figure 8). In livers of ob/ob females, Bcrp mRNA expres-
sion was 1.6-fold increased; Bsep mRNA expression de-
creased to 59% of that in wild-types. No significant
difference was observed for Mrp2 and Mdr2 between ob/ob
and wild type females. In livers of ob/ob males, mRNA
expression of Mdr2 and Bcrp was increased by 1.4- and 1.2-
fold, respectively, while mRNA expression of Mrp2 and Bsep
was similar between ob/ob and wild types. Significant gender
difference was observed for Mdr2 and Bcrp mRNA expres-
sion in livers of ob/ob mice, being 1.4- and 1.5-fold higher
in males than females, respectively. Bcrp mRNA expression
in livers also showed gender difference in wild-types with
2-fold higher in males than in females.

Because of the unavailability of antibodies for Mdr2 and
Bsep, only Bcrp and Mrp2 protein expression was analyzed
by Western blot (Figure 9). Bcrp protein expression level
increased significantly by 2.2-fold in ob/ob females, and
Mrp2 protein expression levels in ob/ob mice were 3.4- and
2.9-fold higher in females and males, respectively, as com-
pared to that in wild types.

Kidney Oatp1a1, Oat2, Mrp3, 4, and Nqo1 mRNA
and Protein Expression in ob/ob Mice. Oatp 1a1, 1a4, 1a6,
Oat1–3, Oct1–3, Mrp1–4, Bcrp, and Nqo1 mRNA expression

Figure 3. Western blot analysis of biotransformation enzymes heme oxygenase-1(Ho-1), NAD(P)H:quinone oxido-
reductase 1 (Nqo1), cytochrome P450 (Cyp) 2e1, and 3a11 protein expression in livers from wild-type and ob/ob
mice. Individual blots of female (left) and male (right) protein expression patterns are presented in the upper panels
(protein loading amount 50 µg/lane, n ) 5 animals). Quantification of relative protein expression in ob/ob mice
compared to wild-types is illustrated in the bottom figures. Asterisks (*) represent a statistical difference (p e 0.05)
from corresponding wild-type mice.
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was analyzed in kidneys of ob/ob and wild-type mice, but
only data for Oatp1a1, Oat2, Mrp3–4, and Nqo1 expression

is presented in this manuscript (Figure 10A) because marked
expression differences between ob/ob and wild-type controls
were observed for those transcripts. In ob/ob females, mRNA
levels of Oatp1a1, Oat2, and Mrp3 in kidney were markedly
decreased to 4%, 5%, and 18% of that detected in wild-
types, respectively, and Mrp4 and Nqo1 mRNA expression
increased 90% and 170%, respectively. In kidneys of ob/ob
males, Oatp1a1 and Oat2 mRNA expression was decreased
to 16% and 4% of that in wild-types, respectively, and Mrp4
and Nqo1 mRNA expression was increased by 260 and 90%,
respectively. Mrp3 mRNA expression in kidneys of males
was very low in both ob/ob and wild-types and did not differ
significantly between these two strains. Additionally, gender-
divergent Oatp1a1, Mrp3, 4, and Nqo1 expression in kidney
was observed in wild-types, with Oatp1a1 and Nqo1 levels
being 8- and 1.3-fold higher in males, respectively, Mrp3
and 4 levels being 80 and 2-fold higher in females,
respectively. Significant gender difference was also observed
for Mrp3 mRNA expression in kidneys of ob/ob mice with
18-fold higher in females.

Western analysis demonstrated that Mrp3 protein expres-
sion in kidneys of female ob/ob mice was also dramatically
decreased to 12% of that in wild-types (Figure 10B). Gender-
divergent expression of Mrp3 protein in kidneys was
observed in wild-types, with no detectable protein expression
in males and pretty high expression in females. Mrp4 protein
expression was significantly higher in kidneys of both female
and male ob/ob mice than wild-type controls, with 2.6- and
5.0-fold increased, respectively (Figure 10B).

HNF1r Protein Expression in Liver Nuclear Frac-
tions of Wild-Type and ob/ob Mice. Considering hepato-
cyte nuclear factor 1R (HNF1R) regulates several hepatic
transporters expression, such as Oatp1a1,32 its protein
expression was analyzed by Western blot, and the results
are shown in Figure 11. HNF1a protein expression was
determined in nuclear fractions isolated from livers of wild-
type and ob/ob mice. HNF1R protein expression in nuclear
fractions from livers of ob/ob female and male mice was
significantly decreased to 35% and 37% of that detected in
nuclear fractions isolated from livers of wild-type mice,
respectively.

Discussion
The current study demonstrates that ob/ob mice, which

model obesity, diabetes, and fatty liver, exhibit altered
expression of important DMEs and transporters in liver and
kidney. Because some DMEs and transporters are regulated
similarly for mice and humans, data from this study suggest
that ob/ob mice may be a useful tool to predict/model drug
pharmacokinetics in obese/diabetic humans. Additionally, the
expression of certain DMEs and transporters was analyzed

(32) Maher, J. M.; Slitt, A. L.; Callaghan, T. N.; Cheng, X.; Cheung,
C.; Gonzalez, F. J.; Klaassen, C. D. Alterations in transporter
expression in liver, kidney, and duodenum after targeted disruption
of the transcription factor HNF1alpha. Biochem. Pharmacol. 2006,
72 (4), 512–522.

Figure 4. Uptake transporters organic anion-transporting
polypeptide (Oatp) 1a1, 1a4, 1b2, 2b1 and sodium/tau-
rocholate cotransporting polypeptide (Ntcp) mRNA
expression levels in livers of ob/ob mice. Total RNA
was isolated from liver, and mRNA levels were
quantified using branched DNA. The data is presented
as mean RLU ( SEM (n ) 5 animals). # represent a
statistical difference between wild-type and ob/ob mice
in the same gender (p e 0.05); asterisks (*) represent a
statistical difference between female and male in the
same strain (p e 0.05).
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to assess activation of specific nuclear hormone receptor
mediated pathways. Overall, data in this manuscript suggests
that PPARR, CAR, and Nrf2 may be activated, whereas
HNF1a expression is decreased in liver during obesity and
diabetes.

Cyp2e1 has been well documented to be increased in the
liver of obese and diabetic humans and some animal
models.16,33 However, some previous reports also demon-
strated unchanged or decreased Cyp2e1 mRNA and/or
protein expression in livers of ob/ob mice, obese Zucker rats,
or db/db (diabetic) mice.34–36 In the current study, significant
reduction of Cyp2e1 mRNA expression was observed in
livers of both female and male ob/ob mice, and the protein
expression level in liver was similar between female ob/ob
and wild-type mice. The ob/ob mice used in current study
have a mutation in the leptin gene, and it was proposed that
the absence of leptin or its receptor could account for the

lack of increase of Cyp2e1 at either the transcriptional or
post-transcriptional level in these genetic animal models of
obesity and diabetes.35 In addition to leptin, other hormones
such as insulin also have been implicated in Cyp2e1
regulation, with reversing the increase of Cyp2e1 activity
in livers of streptozotocin-induced diabetic rats and down-
regulating Cyp2e1 expression in rat hepatoma cell line and
primary cultured rat hepatocytes.37–39 Thus, unchanged or
decreased Cyp2e1 levels in these ob/ob mice were not com-
pletely unexpected, since these obese mice were hyperin-
sulinemic at all ages.40 Additionally, Cyp2e1 has been
characterized as ethanol-inducible and is associated with the
pathogenic processes leading to alcoholic liver disease as
well as nonalcoholic steatohepatitis (NASH).41–43 Unchanged
Cyp2e1 protein expression in livers of these ob/ob mice was
also confirmed by histological analysis in which fat ac-
cumulation, not NASH, was observed in livers of the ob/ob
mice.

(33) Wang, Z.; Hall, S. D.; Maya, J. F.; Li, L.; Asghar, A.; Gorski,
J. C. Diabetes mellitus increases the in vivo activity of cytochrome
P450 2E1 in humans. Br. J. Clin. Pharmacol. 2003, 55 (1), 77–
85.

(34) Roe, A. L.; Howard, G.; Blouin, R.; Snawder, J. E. Characteriza-
tion of cytochrome P450 and glutathione S-transferase activity
and expression in male and female ob/ob mice. Int. J. Obes. Relat.
Metab. Disord. 1999, 23 (1), 48–53.

(35) Enriquez, A.; Leclercq, I.; Farrell, G. C.; Robertson, G. Altered
expression of hepatic CYP2E1 and CYP4A in obese, diabetic ob/
ob mice, and fa/fa Zucker rats. Biochem. Biophys. Res. Commun.
1999, 255 (2), 300–306.

(36) Yoshinari, K.; Takagi, S.; Sugatani, J.; Miwa, M. Changes in the
expression of cytochromes P450 and nuclear receptors in the liver
of genetically diabetic db/db mice. Biol. Pharm. Bull. 2006, 29
(8), 1634–1638.

(37) Zaluzny, L.; Farrell, G. C.; Murray, M. Effect of genetic obesity
and experimental diabetes on hepatic microsomal mixed function
oxidase activities. J. Gastroenterol. Hepatol. 1990, 5 (3), 256–
263.

(38) Woodcroft, K. J.; Novak, R. F. Insulin effects on CYP2E1, 2B,
3A, and 4A expression in primary cultured rat hepatocytes. Chem.
Biol. Interact. 1997, 107 (1–2), 75–91.

(39) De Waziers, I.; Garlatti, M.; Bouguet, J.; Beaune, P. H.; Barouki,
R. Insulin down-regulates cytochrome P450 2B and 2E expression
at the post-transcriptional level in the rat hepatoma cell line. Mol.
Pharmacol. 1995, 47 (3), 474–479.

(40) Menahan, L. A. Age-related changes in lipid and carbohydrate
metabolism of the genetically obese mouse. Metabolism 1983,
32 (2), 172–178.

Figure 5. Western blot analysis of sodium/taurocholate cotransporting polypeptide (Ntcp), organic anion-transporting
polypeptide (Oatp) 1a1, 1a4, and 1b2 protein expression in livers of wild-type and ob/ob mice. Individual blots are
presented on the top (protein loading amount 50 µg/lane, n ) 5 animals). Quantification of relative protein expression
in ob/ob mice compared to wild-types is illustrated in the bottom figures. Asterisks (*) represent a statistical difference
(p e 0.05) from corresponding wild-type mice.
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Increased Cyp4a14 mRNA expression, particularly in male
ob/ob mice, was consistent with previous reports in which
expression of Cyp4a10 and 4a14 in the obese mice and
Cyp4as in diabetic mice (db/db mice) were greatly in-
creased.35,36 Cyp4a is important in the metabolism of fatty

acids, and induction of Cyp4a expression has been shown
to result from transcriptional activation mediated by peroxi-
some proliferator activated receptor (PPAR), which has been
suggested to be activated by fatty acids.44 In addition, Cyp4a
mRNA has been suggested to be induced by type I diabetes,
and an increase of Cyp4a protein levels and its specific
enzymatic activity has been detected in the livers of diabetic
rats treated with streptozotocin.45,46 Although obesity-
associated diabetes is different from diabetes induced by
streptozotocin regarding their causes and symptoms, it does
not exclude that Cyp4a could be induced by obesity-
associated diabetes.

Decreased Cyp2B2 mRNA levels were observed in livers
of Zucker obese rat as compared to the lean ones.47 In
contrast, increased Cyp2b10 mRNA was observed in livers
of db/db mice,36 which was consistent with the result in the
current study: Cyp2b10 mRNA expression increased in livers
of ob/ob male mice. Strain- and gender-selectivity has been
documented in rodents regarding the induction of Cyp2b
genes by phenobarbital;48,49 therefore, species and gender
differences could exist in terms of Cyp2b gene expression
with regard to obesity, diabetes, and fatty liver disease.
Phenobarbital-like compounds induce Cyp2b10 gene expres-

(41) French, S. W.; Wong, K.; Jui, L.; Albano, E.; Hagbjork, A. L.;
Ingelman-Sundberg, M. Effect of ethanol on cytochrome P450
2E1 (CYP2E1), lipid peroxidation, and serum protein adduct
formation in relation to liver pathology pathogenesis. Exp. Mol.
Pathol. 1993, 58 (1), 61–75.

(42) Weltman, M. D.; Farrell, G. C.; Hall, P.; Ingelman-Sundberg, M.;
Liddle, C. Hepatic cytochrome P450 2E1 is increased in patients
with nonalcoholic steatohepatitis. Hepatology 1998, 27 (1), 128–
133.

(43) Niemela, O.; Parkkila, S.; Juvonen, R. O.; Viitala, K.; Gelboin,
H. V.; Pasanen, M. Cytochromes P450 2A6, 2E1, and 3A and
production of protein-aldehyde adducts in the liver of patients
with alcoholic and non-alcoholic liver diseases. J. Hepatol. 2000,
33 (6), 893–901.

(44) Simpson, A. E. The cytochrome P450 4 (CYP4) family. Gen.
Pharmacol. 1997, 28 (3), 351–359.

(45) Ferguson, N. L.; Donahue, B. S.; Tenney, K. A.; Morgan, E. T.
Pretranslational induction of CYP4A subfamily gene products in
diabetic rats and reversal by oral vanadate treatment. Drug Metab.
Dispos. 1993, 21 (4), 745–746.

(46) Barnett, C. R.; Gibson, G. G.; Wolf, C. R.; Flatt, P. R.; Ioannides,
C. Induction of cytochrome P450III and P450IV family proteins
in streptozotocin-induced diabetes. Biochem. J. 1990, 268 (3),
765–769.

(47) Xiong, H.; Yoshinari, K.; Brouwer, K. L.; Negishi, M. Role of
constitutive androstane receptor in the in vivo induction of Mrp3
and CYP2B1/2 by phenobarbital. Drug Metab. Dispos. 2002, 30
(8), 918–923.

(48) Blouin, R. A.; Bandyopadhyay, A. M.; Chaudhary, I.; Robertson,
L. W.; Gemzik, B.; Parkinson, A. Cytochrome P450 2B enzyme
(CYP2B) induction defect following phenobarbital treatment in
the fa/fa Zucker rat: molecular characterization. Arch. Biochem.
Biophys. 1993, 303 (2), 313–320.

(49) Larsen, M. C.; Brake, P. B.; Parmar, D.; Jefcoate, C. R. The
induction of five rat hepatic P450 cytochromes by phenobarbital
and similarly acting compounds is regulated by a sexually
dimorphic, dietary-dependent endocrine factor that is highly strain
specific. Arch. Biochem. Biophys. 1994, 315 (1), 24–34.

Figure 6. Multidrug resistance-associated protein (Mrp)
1, 3, 4, 5, and 6 mRNA expression in livers of wild-type
and ob/ob mice. Total RNA was isolated from liver, and
mRNA levels were quantified using branched DNA
assay. The data is presented as mean RLU ( SEM
(n ) 5 animals). # represent a statistical difference
between wild-type and ob/ob mice in the same gender
(p e 0.05); asterisks (*) represent a statistical difference
between female and male in the same strain (p e 0.05).

articles Cheng et al.

86 MOLECULAR PHARMACEUTICS VOL. 5, NO. 1

http://pubs.acs.org/action/showImage?doi=10.1021/mp700114j&iName=master.img-005.jpg&w=205&h=502


sion through activation and nuclear translocation of the
constitutive androstane receptor (CAR).50 Thus, the observed
increase of Cyp2b10 mRNA expression in ob/ob male mice
suggests that CAR may be activated in livers with obesity,
diabetes, and/or fatty liver. In addition to Cyp2b10, several
other CAR targets genes such as Sult2a1 and Oatp1a4 were
also induced in ob/ob mice, which further suggests CAR may
be activated. CAR activation and induction of CAR target
genes (Sult2a1, Ugt1a1, and Oatp1a4) during fasting were
demonstrated to contribute to the decrease in basal metabolic
rate,51,52 which may also play a role in modulating weight
loss and energy homeostasis in mammals with obesity and
its associated metabolic disorders. During fasting, induced
cAMP, PPARγ coactivator 1R (PGC-1R), and hepatocyte
nuclear factor 4R (HNF4R) are correlated with CAR activa-
tion and induction of CAR target genes in liver. The network
of interaction involving cAMP, PGC-1R, HNF4R, CAR, and
its target genes could be mediated in obesity and diabetes
as well.

Cellular defensive enzymes such as Ho-1 and Nqo1 also
increased at both mRNA and protein levels in livers of ob/
ob mice, particularly in males, which could be a protective
response to obesity and fatty liver. Elevated Nqo1 mRNA
expression was also observed in kidney of ob/ob mice in
the current study. Transcription of Ho-1 and Nqo1 is
mediated, in part, through activation of NF-E2-related
factor-2 (Nrf2).53,54 More recently, it has been shown that
liver mRNA expression of mouse Mrp2–6 is induced by
compounds that activate the Nrf2 transcriptional pathway.55

Thus, the marked induction of Nqo1 and Mrp4 in current
study may indicate that the Nrf2 transcriptional pathway is
activated in livers and kidneys with obesity and diabetes.

Oatp1a1 was highly expressed in livers and kidneys of
wild-type mice, especially in males, but was significantly
lower in both liver and kidney of ob/ob mice. Oatp1a1 can
mediate the transport of a wide range of amphipathic organic

(50) Wei, P.; Zhang, J.; Egan-Hafley, M.; Liang, S.; Moore, D. D.
The nuclear receptor CAR mediates specific xenobiotic induction
of drug metabolism. Nature 2000, 407 (6806), 920–923.

(51) Ding, X.; Lichti, K.; Kim, I.; Gonzalez, F. J.; Staudinger, J. L.
Regulation of constitutive androstane receptor and its target genes
by fasting, cAMP, hepatocyte nuclear factor alpha, and the
coactivator peroxisome proliferator-activated receptor gamma
coactivator-1alpha. J. Biol. Chem. 2006, 281 (36), 26540–26551.

(52) Maglich, J. M.; Watson, J.; McMillen, P. J.; Goodwin, B.; Willson,
T. M.; Moore, J. T. The nuclear receptor CAR is a regulator of
thyroid hormone metabolism during caloric restriction. J. Biol.
Chem. 2004, 279 (19), 19832–19838.

(53) Jaiswal, A. K. Regulation of genes encoding NAD(P)H:quinone
oxidoreductases. Free Radic. Biol. Med. 2000, 29 (3–4), 254–
262.

(54) Gong, P.; Stewart, D.; Hu, B.; Li, N.; Cook, J.; Nel, A.; Alam, J.
Activation of the mouse heme oxygenase-1 gene by 15-deoxy-
Delta(12,14)-prostaglandin J(2) is mediated by the stress response
elements and transcription factor Nrf2. Antioxid. Redox. Signal
2002, 4 (2), 249–257.

(55) Maher, J. M.; Cheng, X.; Slitt, A. L.; Dieter, M. Z.; Klaassen,
C. D. Induction of the multidrug resistance-associated protein
family of transporters by chemical activators of receptor-mediated
pathways in mouse liver. Drug Metab. Dispos. 2005, 33 (7), 956–
962.

Figure 7. Western blot analysis of multidrug resistance-associated protein (Mrp) 1, 3, 4, 5, and 6 proteins expression
in livers from ob/ob and corresponding wild-type mice. Individual blots are presented on the top (protein loading
amount 50 µg/lane, n ) 5 animals). Quantification of relative protein expression in livers of ob/ob mice compared to
wild-types is illustrated in the bottom figures. Mrp4 was not quantified because levels in livers of wild-type males were
undetectable. Arrows point Mrp6 bands. Asterisks (*) represent a statistical difference (p e 0.05) from corresponding
wild-type mice.
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compounds and numerous drugs.56,57 Therefore, the dramatic
decrease of Oatp1a1 in ob/ob mice liver and kidney could
result in altered drug absorption and excretion and thus

significantly affect drug pharmacokinetics and toxicity.
Oatp1a4 also showed significant lower mRNA expression
levels in ob/ob mice, which was consistent with previous
reports in which a significant reduction of Oatp1a4 gene
expression was observed in obese Zucker rats.58 Although
there are no human homologues for mouse Oatp1a1 and 1a4,
human OATP-1B3 and 1B1, expressed in liver, have similar
substrates, and their basal expression is regulated by similar
transcriptional mechanisms. Therefore, it is important to
examine OATP1B1 and 1B3 expression in livers of obese
patients.

Expression of several hepatocyte transporters, namely
Ntcp, Oatp1a1, 1a4, 1b2, Mdr2, 1b, and Bsep, has been
reported to be regulated by hepatocyte nuclear factor 1R
(HNF1R) in cholestatic and hepatic injury models.59–64

Down-regulation of the basolateral organic transporters may
occur by decreased HNF1 binding activity to regulatory
elements present in promoters that maintain basal gene
expression. For example, Oatp1a1 mRNA expression was
markedly lower in liver and kidney of HNF1R-null mice than
wild-types.32 Analysis of the mouse Oatp1a1 promoter
reveals five potential HNF1 binding sites located within the
first 6000 base pairs. The promoters for human OATP1B3
and 1B1 contain HNF1R binding sequences, and targeted
mutagenesis of the binding sites abolished baseline promoter

(56) Hagenbuch, B.; Meier, P. J. The superfamily of organic anion
transporting polypeptides. Biochim. Biophys. Acta 2003, 1609 (1),
1–18.

(57) Hagenbuch, B.; Meier, P. J. Organic anion transporting polypep-
tides of the OATP/ SLC21 family: phylogenetic classification as
OATP/ SLCO superfamily, new nomenclature and molecular/
functional properties. Pflugers Arch. 2004, 447 (5), 653–665.

(58) Geier, A.; Dietrich, C. G.; Grote, T.; Beuers, U.; Prufer, T.;
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export pump (Bsep); breast cancer resistance protein
(Bcrp) mRNA expression in livers of ob/ob and wild-type
mice liver. Total RNA was isolated from liver, and mRNA
levels were quantified using branched DNA assay. The
data is presented as mean RLU ( SEM (n ) 5 animals).
# represent a statistical difference between wild-type and
ob/ob mice in the same gender (p e 0.05); asterisks (*)
represent a statistical difference between female and male
in the same strain (p e 0.05).
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activity in transfected hepatoma cell lines.65 In the current
study, decreased HNF1R protein expression was observed
in nuclear fractions of livers from ob/ob mice, which
indicates that decreased HNF1R expression and binding
could be involved in the down regulation of Oatp1a1 in
obesity, diabetes, and/or fatty liver disease.

Mrp4 (MRP4) transports bile acids, as well as many
antiviral drugs, from hepatocytes into blood.66,67 In human,
MRP4 is also important for renal elimination of antiviral
drugs and chemicals.68,69 Increased Mrp4 mRNA and protein
expression was reported in acute chemical-induced liver
injury and extrohepatic obstructive cholestasis.24,31,70,71

Studies have demonstrated that induction of mouse and
human Mrp4/MRP4 is likely mediated by transcriptional
activation of CAR and Nrf2.55,72,73 In addition, PPARR-
dependent activation was also reported in Mrp3 and 4 up-
regulation by clofibrate.74 In this study, Mrp4 mRNA and
protein expression levels were increased in ob/ob mice liver
and kidney. Although no data exist yet with regard to Mrp
expression and obesity and its associated metabolic disease
clusters, the significant change of Mrp4 in ob/ob mice liver
and kidney in current study indicates disposition of toxicants,
xenobiotics, and drugs that are substrates of Mrp4 may be
different in obese and/or diabetic humans.

In general, uptake transporters including Oatps and Ntcp
were decreased in livers from ob/ob mice at both the mRNA
and protein expression levels. Conversely, the mRNA and
protein expression of several Mrps localized to the basolateral
membrane, namely Mrp3, 4, and 5, was increased in livers
of male in ob/ob mice. In particular, Mrp4 protein expression
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Figure 9. Western blot analysis of breast cancer resistance protein (Bcrp) and multidrug resistance-associated protein
2 (Mrp2) protein expression in livers from ob/ob and corresponding wild-type mice. Individual blots are presented on
the top (protein loading amount 50 µg/lane, n ) 5 animals). Quantification of relative protein expression in ob/ob mice
compared to wild-types is illustrated in the bottom figures. Arrows point to Mrp2 bands. Asterisks (*) represent a
statistical difference (p e 0.05) from corresponding wild-type mice.
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in liver was significantly increased in ob/ob mice for both
genders. With extrapolation to humans, patients presenting
obesity and/or diabetes may have decreased hepatic uptake
and increased sinusoidal efflux. As a result, some drugs such
as statins, which require hepatic metabolism and biliary
excretion for elimination,75 could have higher bioavailability
and a longer half-life in the body and thus may lead to drug
levels approaching a toxic threshold if parent drugs are more

toxic. On the other hand, elevated expression levels of several
DMEs in livers of male ob/ob mice, including Cyp4a, 2b10,
Nqo1, and Sult2a1/2, suggested that detoxification of certain

(75) Black, A. E.; Hayes, R. N.; Roth, B. D.; Woo, P.; Woolf, T. F.
Metabolism and excretion of atorvastatin in rats and dogs. Drug
Metab. Dispos. 1999, 27 (8), 916–923.

Figure 10. Organic anion-transporting polypeptide (Oatp) 1a1, organic anion transporter (Oat) 2, multidrug resistance-
associated protein (Mrp) 3, 4, and NAD(P)H:quinone oxidoreductase 1 (Nqo1) mRNA and protein expression in ob/ob and
wild-type mice kidney. (A) Oatp1, Oat2, Mrp3, Mrp4, and Nqo1 mRNA expression in kidneys of ob/ob and wild-type
mice. Total RNA was isolated from liver and mRNA levels were quantified using branched DNA assay. The data is
presented as mean RLU ( SEM (n ) 5 animals). # represent a statistical difference between wild-type and ob/ob
mice in the same gender (p e 0.05); asterisks (*) represent a statistical difference between female and male in the
same strain (p e 0.05). (B) Western blot analysis of Mrp3 and 4 protein expression in kidneys from ob/ob and
corresponding wild-type mice. Individual blots are presented in the left panel (protein loading amount 50 µg/lane, n )
2 for wild-type male group (WT-M), and n ) 3 animals for other three groups, ob/ob male (OB-M), wild-type female
(WT-F), and ob/ob female (OB-F)). Quantification of Mrp4 relative protein expressions in ob/ob mice compared to
wild-types is illustrated in the right panel. No quantification for Mrp3 in males because it was not detected in the
kidneys of both wild-type and ob/ob males. Asterisks (*) represent a statistical difference (p < 0.05) from
corresponding wild-type mice.
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drugs and xenobiotics could be increased in ob/ob patients
and thus reduce the toxicity of chemical insult.

Several drugs being used to treat diabetes have been
reported to cause severe adverse drug reactions, such as
troglitazone, which was withdrawn from the market for fetal
liver toxicity, and rosiglitazone, which was recently found
to be associated with increased heart attacks.76 With de-
creased elimination and active retention, these drugs may
result in severe toxicity to those obese and/or diabetic
patients. In addition, activation/suppression of certain nuclear
transcription factors such as CAR, PPARR, Nrf2, and
HNF1R in obesity and diabetes could also activate/suppress
their target genes in other no-target organs such as heart, in
addition to liver, resulting complex biological effects. Ac-
cordingly, many different and some seemingly unrelated
toxic effects of these antidiabetic drugs could emerge in
morbidly obese and/or diabetic humans.

Gender-divergent mRNA expression was observed for
several DMEs and hepatic transporters in livers of wild-type
mice, particularly for Cyp4a, Sult2a1/2, and Oatp1, which
could result in gender-related pharmacokinetics and toxicity
of certain drugs that are substrates of these enzymes and
transporters in obese humans. In addition, a different change
pattern of several DMEs and transporters mRNA expression
was also showed in ob/ob mice compared to wild-type
between female and male, such as significant increase of
Cyp2b10, Ho-1, Mrp3, and Mdr2 mRNA in ob/ob male,
while decrease in ob/ob female. Hormonal regulation or
signaling would play a role in the different response to

deletion of leptin gene between females and males, as the
actions of many steroid hormones on metabolism are often
sex-specific. Same hormone could have opposite impact on
obesity and diabetes between women and men; for example,
high testosterone levels are associated with higher risk of
type II diabetes in women, but with lower risk in men. Links
exist between estrogen and the regulation obesity, and thus,
menopause makes women fat.

In summary, mRNA and/or protein expression levels of
several DMEs and hepatic transporters were different in livers
and kidneys of ob/ob mice than wild-types, which suggest
it is possible for changed pharmacokinetics and drug-drug
interactions to occur in obese and/or diabetic humans. In the
future, functional assays will be conducted to examine
activity of those DMEs and transporters with altered expres-
sion levels. Activation of certain nuclear hormone receptors,
such as CAR, Nrf2, and PPARR, should be further examined
to confirm their regulation on some DMEs with changed
expression levels and, thus, potential mechanisms involved
in obesity and associated diabetes. In addition, on the basis
of the fundamental data, future disposition studies will be
carried to examine the disposition of some prototypical
compounds and commonly prescribed classes of drugs such
as diabetes and antihypolipidenia drugs. Overall, this study
provides novel new information regarding the regulation of
DMEs and transporters by certain nuclear hormone receptors
in liver and kidney in a mouse model of obesity and diabetes.
The useful information will aid further study of DME and
transporter expression in humans diagnosed with obesity and/
or diabetes and provide a possible explanation of the
differences in drug pharmacokinetics and toxicity in morbidly
obese humans.
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Figure 11. Western blot analysis of HNF1R protein
expression in nuclear fractions from livers of wild-type
and ob/ob mice. Individual blots are presented on the
top and quantification of relative protein expression in
ob/ob mice as compared to wild-types is illustrated in
the bottom (protein loading amount 50 µg/lane, n ) 5
animals). Asterisk (*) represent a statistical difference (p
< 0.05) from corresponding wild-type mice.
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