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Leptin is one of the key molecules in maintaining energy homeostasis.
Although genetically leptin-deficient Lep”/Lep®” mice have greatly
contributed to elucidating leptin physiology, the use of more than one
species can improve the accuracy of analysis results. Using the
N-ethyl-N-nitrosourea mutagenesis method, we generated a leptin-
deficient Lep™*¥°/Lep™ > rat that had a nonsense mutation (Q92X) in
leptin gene. Lep™°/Lep™*** rats showed obese phenotypes including
severe fatty liver, which were comparable to Lep®”/Lep®” mice. To
identify genes that respond to leptin in the liver, we performed
microarray analysis with Lep™¥*/Lep™**® rats and Lep®®/Lep®” mice.
We sorted out genes whose expression levels in the liver of Lep™*>¢/
Lep™ rats were changed from wild-type (WT) rats and were
reversed toward WT rats by leptin administration. In this analysis,
livers were sampled for 6 h, a relatively short time after leptin
administration to avoid the secondary effect of metabolic changes
such as improvement of fatty liver. We did the same procedure in
Lep®®/Lep” mice and selected genes whose expression patterns were
common in rat and mouse. We verified their gene expressions by
real-time quantitative PCR. Finally, we identified eight genes that
primarily respond to leptin in the liver commonly in rat and mouse.
These genes might be important for the effect of leptin in the liver.

ENU mutagenesis; Lep™>%/Lep™ > rat; Lep®/Lep®® mouse; leptin
responsive gene; microarray analysis

LEPTIN 1S AN ADIPOCYTE-DERIVED hormone that regulates energy
homeostasis mainly through the hypothalamus (1). In addition
to food intake and energy expenditure, leptin regulates glucose
and lipid metabolism (5, 13, 20). Leptin-deficient Lep®®/Lep®”
mice are well known to have made a great contribution in the
discovery of leptin, and they have been used as an animal
model of obesity and obesity-associated diabetes mellitus.
Although much has been learned from Lep®’/Lep®® mice, it is
important to use other models of different species to generalize
results from one species.

For the last 30 yr, many investigators have chosen to use
mouse models, because the technologies of embryonic stem

Address for reprint requests and other correspondence: K. Ebihara, Dept. of
Experimental Therapeutics, Translational Research Center, Kyoto Univ. Hos-
pital, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan (e-mail:
kebihara@kuhp.kyoto-u.ac.jp).
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cells allowed the generation of knockout and knock-in mice
(7). However, rats have a long history in medical research,
being fundamental from drug development to advances of
neuroscience and physiology. Rats are considered to be a better
model than mice in their behavioral and physiological charac-
teristics, which are more relevant to humans.

Lep#/Lepr™ Zucker rats and Lep#/Lepr’ Koletzky rats al-
ready exist as rat models whose lack of leptin signals is due to
mutations in the leptin receptor (22, 23). The phenotypes in
these rats are also identical in many aspects to those in
Lep®’/Lep®” mice (4). However, leptin receptor mutant rats are
unfit models for the study of the effect of leptin treatment.
Although generation of leptin knockout rats by pronuclear
microinjections of zinc finger nucleases has been reported
recently (26), the investigators did not assess the effect of
leptin administration. So this is the first report of leptin admin-
istration in the leptin-deficient rat.

In this study, we used the N-ethyl-N-nitrosourea (ENU)
mutagenesis method to generate a leptin-deficient Lep™*¥%/
Lep™ ¥ rat that had a nonsense mutation (Q92X) in the leptin
gene (17). The mutation site of Lep*/Lep™*>° rat was up-
stream of that of R105X in Lep®’/Lep®” mice (28). We con-
firmed that Lep™*°/Lep™*° rats secreted no measurable leptin
in the serum and that their obese phenotypes including severely
fatty liver were comparable to Lep®”/Lep®® mice. To identify
genes that respond to leptin in the liver, we compared gene
expressions in the liver between Lep”®%/Lep™ ¥ rats and their
wild-type (WT) littermates and also between leptin-treated and
saline-treated Lep"™***/Lep™*¥° rats by microarray analysis. We
sorted out genes whose expression levels in the liver of
Lep™¥°/Lep™ ¥ rats were changed from WT rats and were
reversed toward WT rats by leptin treatment. Moreover, to
identify genes that commonly respond to leptin in the liver of
rats and mice, we did the same series of experiments with
Lep?®®/Lep®® mice. We finally identified eight genes that com-
monly respond to leptin in the liver of rats and mice. Using
more than one species can improve the accuracy of analysis
results. Thus, genes identified in this study might be important
for the effect of leptin in the liver.

MATERIALS AND METHODS

Animals. Rats with a leptin gene mutation were obtained by ENU
mutagenesis of F344/NSlc rats, followed by MuT-POWER (Mu Trans-
position POoling method With sequencER) screening on the genomic
DNA of 4,608 GI male offspring in KURMA (Kyoto University Rat
Mutant Archive). ENU mutagenesis procedures, screening protocols

1094-8341/13 Copyright © 2013 the American Physiological Society
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(17), and intracytoplasmic sperm injection procedure were previously
described (12). The forward primer and the reverse primer used for
identifying mutation of the leptin gene were 5'-GCACCTGTTGTTC-
CTCTTCC-3" and 5'-TGGAATCGTGCGGATAACTT-3, respectively.
More than six backcross generations were performed against the F344/
NSlc inbred background. Male C57BV/6] Lep®/Lep®” mice were pur-
chased from CLEA Japan (Tokyo, Japan). Rats and mice were main-
tained on a 10 h light/14 h dark cycle (lights on 7:00 AM, lights off 9:00
PM) and fed ad libitum standard pellet diet (MF; Oriental Yeast, Tokyo,
Japan). All animal care and experiments conformed to the Guidelines for
Animal Experiments at Kyoto University and were approved by the
Animal Research Committee of Kyoto University. The F344-Lep™ rat
has been deposited into the National Bio Resource Project-Rat in Japan
(NBPR-Rat no. 0628) and is available from the Project (http:/www.
anim.med.kyoto-u.ac.jp/nbr).

Genotyping for Lep™° mutation. Genotyping for Lep™ > muta-
tion was performed by real-time PCR system using TagMan Sample-
to-SNP kit (Applied Biosystems, Carlsbad, CA) with a specific primer
pair (forward primer sequences are 5'-GTTCTCCAGGTCATGAGC-
TATCTG-3’ and reverse primer sequences are 5'-CTGGCAGTC-
TATCAACAGATCCT-3') and TagMan MGB probes (WT probe
sequences are 5'-TTGCCTTCCCAAAACG-3" and mutant probe se-
quences are 5'-TTGCCTTCCTAAAACG-3"). Genomic DNA was
extracted from whole blood. The cycling conditions were 20 s at 95°C
followed by 40 cycles of 3 s at 95°C and 20 s at 60°C.

Whole body composition analysis. Twenty-week-old male . rats
under anesthesia were scanned from nose to anus by computer
tomography with La Theta LCT-100 (Aloka, Tokyo, Japan). The
X-ray source tube voltage was set at 50 kV with a constant | mA
current. Aloka software estimated the volume of adipose tissue, bone,
air, and the remainder using differences in X-ray density. Distinguish-
ing intra-abdominal adipose tissue and subcutaneous adipose tissue
was based on detection of the abdominal muscle layers. Fat weight
was calculated using the commonly used density factor of 0.92 g/cm?.
This method provides accurate estimation of total subcutaneous and
intra-abdominal fat pads as validated by dissection (11).

Measurement of body length and rectal temperature. Body length
was measured between nose and anus in 19-wk-old male rats under
anesthesia. Rectal temperature was measured with a digital thermom-
eter (BDT-100; Bio Research Center, Tokyo, Japan) at 10:00 AM in
19 wk old male rats.

Biochemical assays. Blood was obtained from the tail vein after
overnight fasting at the age of 19 wk. Plasma leptin concentrations
were measured by an enzyme-linked immunosorbent assay (ELISA)
kit for rat leptin (Millipore, St. Charles, MO). Plasma glucose con-
centrations were measured by a glucose assay kit (Wako Pure Chem-
ical Industries, Osaka, Japan). Plasma insulin concentrations were
measured by an insulin-ELISA kit (Morinaga Institute of Biological
Science, Yokohama, Japan). Plasma triglyceride, nonesterified fatty
acid (NEFA), and total cholesterol concentrations were measured by
enzymatic kits (Triglyceride E-test Wako, NEFA C-test Wako, and
Cholesterol E-test Wako, respectively; Wako Pure Chemical Indus-
tries). To measure liver triglyceride contents, we sampled livers from
19 wk old rats and immediately froze them in liquid nitrogen. Lipids
were extracted with isopropy!l alcohol-heptane (1:1 vol/vol). After
evaporating the solvent, we resuspended lipids in 99.5% (vol/vol)
ethanol, and triglyceride content was measured by an enzymatic kit
(Triglyceride E-test Wako, Wako Pure Chemical Industries).

Glucose tolerance test. Intraperitoneal glucose tolerance test was
performed after overnight fasting of 19 wk old male rats. Rats received
2.0 mg/g glucose by intraperitoneal injection. Blood was sampled from
the tail vein before and 15, 30, 60, 90, 120 min after the glucose load.

Liver histology. Livers were sampled from 19 wk old rats, fixed in
10% neutrally buffered formalin, and subsequently embedded in
paraffin. Histological sections of 5 wm thickness were stained with
hematoxylin and eosin and examined by light microscopy.
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Liver sampling for microarray analysis. Recombinant murine lep-
tin (generously supplied by Amgen, Thousand Oaks, CA) (I pg/mg)
or saline was intraperitoneally administered in 20 wk old Lep®*/Lep®®
mice, Lep™>°/Lep™>° rats and their respective control littermates
after 6 h fasting. Livers were sampled 6 h after leptin or saline
administration and were frozen in liquid nitrogen and stored at —80°C
until use for RNA isolation.

RNA extraction and microarray gene expression arrays. Details for
the sample preparation and microarray processing are available from
http://www.affymetrix.com. RNA was prepared from liver of three
male mice or rats per group using Trizol (Invitrogen, Carlsbad, CA)
reagent following the supplier’s protocol. The quality and the con-
centrations of the extracted RNA were checked using the Nano-Drop
2000 (Thermo Fisher Scientific, Yokohama, Japan). Each three RNA
samples were pooled for analysis. We used 250 ng of total RNA for
one cycle of cDNA synthesis. Hybridization, washing, and scanning
of Affymetrix GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix,
Santa Clara, CA) and Affymetrix GeneChip Rat Genome 230 2.0
Arrays were done according to standard Affymetrix protocols. The
hybridized chips were scanned with an argon-ion laser confocal micro-
scope (Hewlett-Packard, Palo Alto, CA). Fluorometric data were pro-
cessed by Affymetrix GeneChip Command Console software and ana-
lyzed with Affymetrix Expression Console software 7. Normalization
was performed with Affymetrix Microarray Suite 5.0 (MASS5.0) algo-
rithm to obtain the signal intensity and the detection call, which shows the
expression of a gene with a defined confidence level for each probe set.
The mRNA expression levels for all genes on the array were scaled to a
mean of 500 for each array. The detection call can be “present” when the
perfect match probes are significantly more hybridized than the mismatch
probes, false discovery rate (FDR) < 0.04, “marginal” for FDR > 0.04,
and <0.06 or “absent,” FDR > 0.06.

Real-time quantitative RT-PCR. Real-time quantitative RT-PCR
was performed to validate expression levels of candidate leptin-
responsive genes. Single-stranded cDNA was synthesized from 1 pg
of total RNA using SuperScript III First-Strand Synthesis System for
RT-PCR, according to the manufacturer’s instructions (Invitrogen).
Quantitative RT-PCR was performed with SYBR Green (Applied
Biosystems) by Applied Biosystems StepOnePlus RT-PCR System
using gene-specific primer. The housekeeping rat or mouse mitochon-
drial subunit 18S rRNA genes were used for control and quantitative
RT-PCR was performed with TagMan (Applied Biosystems). The se-
quences of primers (Sigma-Genosys, Tokyo, Japan) used in the present study
are as follows: rat Ccl2 (F) 5'-TAGCATCCACGTGCTGTCTC-3’, rat Ccl2
(R) 5'-CAGCCGACTCATTGGGATCA-3', mouse Ccl2 (F) 5'-AGATG-
CAGTTAACGCCCCAC-3', mouse Ccl2 (R) 5'-GACCCATTCCTTCT-
TGGGGT-3', rat Cdca3 (F) 5-AACAAGCATGTGTCTCGGGT-3', rat
Cdca3 (R) 5'-TCTTGCGCCTGTTTGAGACT-3', mouse Cdca3 (F) 5'-
CCTCGTTCACCTAGTGCTGG-3', mouse Cdca3 (R) 5'-TTTCGTCT-
GCTGCGCTTAGA-3', rat FkbpS (F) 5’-ACTGACTCGCCTGACA-
CAAG-3', rat FkbpS (R) 5'-GAGCGAGGTATCTGCCTGTC-3', mouse
Fkbp5 (F) 5'-CTTGGACCACGCTATGGTTT-3’, mouse Fkbp5 (R) 5'-
GGATTGACTGCCAACACCTT-3', rat Inhbb (F) 5'-TCACGGTGA-
CAGGTGGAATG-3', rat Inhbb (R) 5'-CCGTTTTCGGATGCGATGTC-
3’, mouse Inhbb (F) 5'-TGACCCACACTAGGCGAAAC-3’, mouse Inhbb
(R) 5'-CAGGCCACTCGAAGGATTGT-3', rat Lin7a (F) 5-AAGCCA-
CAAGAATCCGGAGA-3', rat Lin7a (R) 5'-CTGACGACCAGCTTCA-
CACT-3’, mouse Lin7a (F) 5'-AGTACCAGTGCACAAGCTCC-3’,
mouse Lin7a (R) 5'-CATGTCTTTCAGCCACCCCT-3’, rat C-Myc (F)
5"-ATTCCAGCGAGAGACAGAGGGAGTG-3', rat C-Myc (R) 5'-
ACGTTGAGGGGCATCGTCGTG-3', mouse C-Myc (F) 5'-CGCGC-
CCAGTGAGGATATC-3', mouse C-Myc (R) 5'-CCACATACAGTC-
CTGGATGAT-3, rat Npr2 (F) 5'-TTGGGGAGAGTCTACGAGCA-3',
rat Npr2 (R) 5'-CTCGGTACGTGATCACCAGG-3’, mouse Npr2 (F) 5'-
CCAGAACTGCTTAGCGGGAA-3’, mouse Npr2 (F) 5'-CTGAC-
CATTCCGCACCTTCT-3, rat Ppl (F) 5'-AGTGCTGCCACTCAAG-
TACC-3', rat Ppl (R) 5'-CAGCTCTCCCCGTTGTTCTT-3’, mouse Ppl (F)
5'-GCATGCTGAGTGGAAGGAGT-3’, mouse Ppl (R) 5-AAGTCT-
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