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Abstract A high-fat diet (HFD) is a well-known contrib-
uting factor in the development of obesity. Most rats fed
HFDs become obese. Those that avoid obesity when fed
HFDs are considered diet resistant (DR). We performed a
microarray screen to identify genes specific to the mesen-
teric fat of DR rats and revealed high expression of guanylin
and guanylyl cyclase C (GC-C) in some subjects. Our histo-
logic studies revealed that the cellular source of guanylin
and GC-C is macrophages. Therefore, we developed dou-
ble-transgenic (Tg) rats overexpressing guanylin and GC-C
in macrophages and found that they were resistant to the
effects of HFDs. In the mesenteric fat of HFD-fed Tg rats,
Fas and perilipin mRNAs were downregulated, and those of
genes involved in fatty acid oxidation were upregulated,
compared with the levels in HFD-fed wild-type rats. In vitro
studies demonstrated that lipid accumulation was markedly
inhibited in adipocytes cocultured with macrophages ex-
pressing guanylin and GC-C and that this inhibition was
reduced after treatment with guanylin- and GC-C-specific
siRNAs.HE Our results suggest that the macrophagic guanylin-
GC-C system contributes to the altered expression of genes
involved in lipid metabolism, leading to resistance to obesity.—
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The worldwide incidence of obesity has accelerated dur-
ing the last decade. Obesity is caused by excessive accu-
mulation of white adipose tissue, often as the result of
ingesting calories in excess of daily requirements (1, 2). In
investigations of disease outcome, excess adipose tissue is
defined by using the body mass index (BMI), which is cal-
culated as weight (kg)/height (m?). A BMI of 25.0-25.9
kg/ m’ corresponds to an overweight condition, whereas
obesity is defined as a BMI of 30 kg/m2 or greater (3, 4).
Adipose depots in mammals are distributed throughout
the body and include the fat surrounding the heart and
the subcutaneous, retroperitoneal, and mesenteric fat.
The amount of mesenteric fat is thought to be correlated
most strongly with morbidity rate in obesity (5). There-
fore, investigating the system regulating adipocytes in the
mesenteric fat may yield insight into target molecules for
treating or preventing obesity-related diseases.

Both humans and animals vary in their body-weight re-
sponses to high-fat diets (HFDs). When animals are fed
HFDs, most of them increase in body weight, with higher
levels of adiposity than occur when standard chow is fed.
However, a few subjects fed HFDs show less weight gain
than do control animals fed standard chow or obesity-prone
(dietinduced obesity, DIO) animals. These animals that do
not become obese even when fed HFDs are categorized as
being “diet resistant” (DR) (6, 7). To investigate the charac-
teristics of genes expressed in the mesenteric fat tissues, we
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used a DNA microarray to screen gene expression patterns
in DR, DIO, and control rats. This screening revealed
increases in guanylin and guanylyl cyclase C (GC-C) mRNAs
in three of the seven DR rats evaluated. Immunohis-
tochemical data confirmed that both guanylin and GC-C
are present in the mesenteric macrophages of DR rats that
show high levels of expression of these genes. Because a
proinflammatory state induced by the infiltration of mac-
rophages into adipose tissues is strongly associated with
obesity progression (8, 9), we hypothesized that the guany-
lin and GC-C present in the mesenteric macrophages of
some DR rats contribute to the regulation of obesity.

Guanylin is an endogenous ligand of GC-C (10, 11).
Guanylin and GC-C are present mainly in the intestine and
function to maintain homeostasis of body fluid (11-16).
Guanylyl cyclases (GC) are a family of enzymes that me-
tabolize GTP to cGMP. The guanylyl cyclases GC-A and
GC-B are the principal receptors for natriuretic peptides
(atrial natriuretic peptide, ANP; brain natriuretic peptide,
BNP; and C-type natriuretic peptide, CNP). Natriuretic
peptides are involved in regulating blood pressure and
blood volume (17), and several reports indicate that they
also modulate lipolysis by activating GC-A (18, 19). Fur-
thermore, natriuretic peptides and cGMP cascades pro-
mote the biogenesis of muscle mitochondria and prevent
obesity (20). These findings suggest that the guanylin-GC-C
system in mesenteric macrophages also contributes to the
regulation of adipocytes.

We first investigated whether transgenic (Tg) rats that
overexpressed guanylin and GC-C in macrophages show
resistance to obesity when fed HFDs. Next, we examined
the size of adipocytes; the plasma levels of free fatty acid
(FFA), glycerol, and total cholesterol; and the expression
of genes involved in adipocyte maturation, droplet forma-
tion, and fatty acid oxidation in the mesenteric fat of Tg
rats and wild-type (WT) rats. Finally, we investigated the
practical contributions of guanylin and GC-C to adipocyte
maturation and droplet formation by using a coculture sys-
tem of mesenteric adipocytes and macrophages that ex-
presses both guanylin and GC-C. We also explored this
system by using guanylin- and GC-C-specific siRNAs. Our
data demonstrate that the guanylin-GC-C system has im-
portant roles in the regulation of genes involved in lipid
metabolism in mesenteric fat.

MATERIALS AND METHODS

Microarray screening and histologic analysis

To obtain DR rats, we purchased male Wistar rats and Sprague-
Dawley (SD) rats (age, 3 weeks; n = 30—40 each) (Charles River,
Shiga, Japan) and fed them an HFD (5.2 kcal/g) containing 60%
fat, 20% carbohydrate, and 20% protein (Research Diets, New
Brunswick, NJ) for 12 weeks to induce obesity. We also fed male
Wistar rats and SD rats (age, 3 weeks; n = 10 each) standard chow
(3.4 kcal/g) containing 4.6% fat, 51% carbohydrate, and 25%
protein (CE-2; CLEA, Tokyo, Japan) and used them as control
rats. This protocol yielded seven DR rats whose body weights
were less than the average of the control group. We used an
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RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) to ex-
tract total RNA from the mesenteric fat tissues of 7) DR rats (n=7),
it) representative DIO rats (n = 7), and #i) control rats (n = 7)
that were fed standard chow and randomly selected. For microar-
ray screening, we used mRNA extracted from the mesenteric fat
tissues of three DIO, three control, and seven DR rats. Reverse
transcription, cDNA synthesis, and production of biotin-labeled
cRNA were performed by using 10 pg total RNA as the initial
template. The labeled cRNA was purified, fragmented, and hybrid-
ized to GeneChip rat microarrays (230 2.0; Affymetrix, Santa
Clara, CA). After being washed and stained, the hybridized arrays
were scanned with a confocal laser scanner (Hewlett Packard,
Palo Alto, CA). The data were analyzed by using GeneSpring GX
software (Agilent Technologies, Santa Clara, CA).

This microarray screening revealed a moderate to high increase
in the number of guanylin and GC-C mRNA transcripts in three of
the seven DR rats evaluated. We therefore confirmed these results
through quantitative PCR of mRNA from 7 representative DIO
rats, 7 random control rats, and the 7 DR rats. Real-time PCR was
conducted by using a LightCycler system (Roche Diagnostics,
Mannheim, Germany) and SYBR Premix Ex Taq II Kit (Takara
Bio, Otsu, Japan). Primer sequences are listed in supplementary
Table II. mRNA levels of target genes were normalized against the
levels of glyceraldehyde-3-phosphodehydrogenase (GAPDH).

We performed immunohistochemical studies to investigate
the cellular sources of guanylin and GC-C. Mesenteric adipose
tissues from DR rats with high guanylin and GC-C mRNA
expression were fixed in 3.7% formaldehyde at 4°C for 24 h,
dehydrated, embedded in paraffin, and sectioned (thickness,
3 um). The sections were deparaffinated with xylene and micro-
waved (500 W for 5 min) in 0.01 M sodium citrate buffer (pH 6.0).
The sections were treated with 0.3% hydrogen peroxide for
1 h to inactivate endogenous peroxidases and then incubated
for 2 days at 4°C with antiguanylin antiserum (Abcam, Cam-
bridge, UK; diluted 1:500), anti-GC-C antiserum (Santa Cruz
Biotechnology, Santa Cruz, CA; diluted 1:100), or control IgG
(Sigma, St. Louis, MO; diluted 1:1000). Western blotting per-
formed with each antiserum showed that they each detected a
single protein band of the expected size (supplementary Fig. I-B).
The sections were then washed with phosphate buffered saline
(PBS; pH 7.4) for 30 min, incubated with biotinylated second-
ary antibody (diluted 1:250), and incubated with avidin-biotin
peroxidase complex (Vectastain ABC kit, Vector Laboratories,
Burlingame, CA) for 2 h. The sections were stained with 0.02%
3-3’-diaminobenzidine and 0.05% hydrogen peroxide in Tris
buffer (pH 7.6) for 10 min at room temperature. Mesenteric
fat sections from DR rats that had been incubated with anti-
guanylin antiserum or anti-GC-C antiserum subsequently were
stained with an anti-macrophage marker (CD68; Serotec Ltd.,
Oxford, UK; diluted 1:100) and then 3,3’,5,5"-tetramethylbenzidine.
The sections obtained from control and DIO rats were stained
with antiguanylin, anti-GC-C, or anti-CD68 antiserum. All pro-
cedures were performed in accordance with the Japanese
Physiological Society’s guidelines for animal care. This protocol
was approved by the Ethics Review Committee for Animal
Experimentation of the Faculty of Medicine, University of
Miyazaki.

Bacterial artificial chromosome constructs

Guanylin and GC-C immunoreactivities were present in macro-
phages in the mesenteric fat of DR rats with high-level expression
of guanylin and GC-C. To generate guanylin-GC-C double-Tg rats
that overexpressed guanylin and GC-C in macrophages, we used
the SR-A promoter. A rat macrophage bacterial artificial chromo-
some (BAC) clone (CH230-56C20) containing SR-1 (the rat or-
tholog of the human SR-A gene, i.e., rat SR-A) and a human BAC



clone (RP11-627G14) containing the guanylyl cyclase activator
2A (guanylin) gene were obtained from the BACPAC Resources
Center at the Children’s Hospital Oakland Research Institute
(Oakland, CA). A human guanylyl cyclase 2C (GC-C) cDNA
clone, MGC: 168157 (IMAGE: 9020534), was purchased from
DNAFORM (Kanagawa, Japan). Chimeric SR-A-guanylin and SR-
A-GC-C BAC transgenic constructs harboring the human guanylin
gene and human GC-C ¢cDNA were generated by BAC recom-
bineering. To this end, we used a Red/ET Counter Selection
BAC Modification Kit (Gene Bridges, Heidelberg, Germany) to
separately replace the SR-A coding sequence with the human
guanylin genomic sequence and the human GC-C open reading
frame (21). BAC modifications were verified by DNA sequenc-
ing. BAC transgenic constructs were purified independently for
microinjection by using a previously described procedure (22),
with slight modification. BAC transgenic constructs were ex-
tracted from 250 ml of Escherichia coli (E. coli) culture by using a
Nucleobond Plasmid Purification kit (Macherey-Nagel, Diiren,
Germany). Aliquots (10 pg each) of each BAC transgenic con-
struct were linearized overnight with PI-Scel endonuclease (New
England Biolabs, Beverly, MA). For each construct, the linear-
ized BAC DNA fragments were separated by means of pulsed-
field gel electrophoresis (PFGE) and extracted by using
electroelution. After dialysis against buffer containing 10 mM
Tris-HCI and 0.1 mM EDTA, aliquots of each DNA solution un-
derwent PFGE for size and quality control. Each BAC DNA solu-
tion was diluted to 1 ng/pl, and the two diluted solutions were
mixed in equal volumes. The aliquots of the mixed BAC DNA
solution were stored at 4°C until microinjection.

Guanylin-GC-C BAC transgenic rats

Rats transgenic for both guanylin and GC-C were generated by
pronuclear injection of embryos from SD rats (Charles River).
Transgenic founders carrying the BAC transgenic construct were
assessed by Southern blotting. Psi- or Dral-digested DNA prepared
from tail samples was hybridized with the [32P] labeled fragment of
guanylin or the GC-C fragment, respectively. This Southern analy-
sis revealed that 12 of the 102 founders contained both transgenes;
additional founders had either single transgene. There were no
obvious gross phenotypic differences between the transgene-posi-
tive and transgene-negative littermates. Guanylin and GC-C trans-
genic founders were bred with SD rats. The protein levels of
guanylin and GC-C in the mesenteric fat tissues of male Tg and WT
progeny were examined by using Western blotting.

Western blotting

Cells or tissues were harvested in ProteoJET mammalian cell
lysis reagent (Fermentas Life Sciences, Ontario, Canada) or Cel-
Lytec MT mammalian tissue lysis-extraction reagent (Sigma) with
proteinase inhibitor cocktail (Roche), and protein concentra-
tions were determined with a BCA kit (Pierce, Rockford, IL).
Each lane of an 8% or 15% Tris-glycine SDS-PAGE gel contained
30 pg total protein. After transfer onto polyvinylidene difluoride
membrane (Millipore, Tokyo, Japan), blots were incubated over-
night at 4°C with the following primary antibodies: anti-guanylin
(Abcam), 1:1000; anti-GC-C (Santa Cruz), 1:1000; anti-B-actin
(Cell Signaling Technology, Beverly, MA), 1:2000; and anti-CD68
(Serotec), 1:1000. Horseradish peroxidase-conjugated secondary
antibodies were applied, and immunoblot signals were detected
by using the ECL Plus Western blot detection kit (Amersham Bio-
sciences, Piscataway, NJ).

Animals, diets, and experimental procedures

Tgand WT rats (age, 6 weeks; sex, male; n = 10 each) were housed
individually in plastic cages in a room at constant temperature and

under a 12:12 h light:dark cycle (lights on, 08:00 to 20:00). They
were allowed ad libitum access to food and water throughout the
study. All rats received standard laboratory chow until they were
6 weeks old, at which time WT and Tg rats (n = 5 each) were
randomly selected to receive either standard chow (3.4 kcal/g)
containing 4.6% fat, 51% carbohydrate, and 25% protein (CE-2;
CLEA) or an HFD (5.2 kcal/g) containing 60% fat, 20% carbo-
hydrate, and 20% protein (Research Diets). Body weight and
food intake were monitored once weekly until the rats were
21 weeks old.

Weight and histologic analysis of mesenteric fat in Tg rats

At the age of 21 weeks, Tg and WT rats were fasted for 16 h
and then anesthetized with 50 mg/kg pentobarbital intraperito-
neally. The mesenteric fat was dissected and weighed. Some of
the fat was fixed for 24 h at 4°C in 3.7% formaldehyde, dehy-
drated, embedded in paraffin, and sectioned (thickness, 3 um).
The sections were deparaffinated in xylene and stained with he-
matoxylin and eosin so that the size of adipocytes could be evalu-
ated. The diameter of adipocytes was quantified by measuring
two randomly selected visual fields in two different sections from
each of three HFD Tg and WT rats.

Plasma analysis

Blood samples were obtained from Tg and WT rats after over-
night fasting. Plasma FFA levels were measured by SRL Co., Ltd.
(Tokyo, Japan). Plasma levels of glycerol and total cholesterol
were measured with the LipoSEARCH system (Skylight Biotech,
Akita, Japan) (23). Plasma insulin levels were measured with
ELISA kits (Morinaga, Kanagawa, Japan). Blood glucose was mea-
sured by using the glucose oxidase method (Ascensia Breeze 2,
Bayer Medical, Leverkusen, Germany).

Adipocyte differentiation, droplet formation, and fatty
acid oxidation in the mesenteric fat

Guanylin-GC-C double-Tg rats and WT rats (n = 5 each) were
euthanized at 21 weeks of age, and total RNA was extracted from
the mesenteric fat tissues with an RNeasy Lipid Tissue Mini Kit
(Qiagen). The numbers of mRNA transcripts corresponding to
genes involved in adipocyte maturation, droplet formation, and
fatty acid oxidation in mesenteric fat were measured by quantita-
tive PCR. Real-time PCR was conducted by using the LightCycler
system described earlier; primer sequences are listed in supple-
mentary Table II. In addition, mRNAs that varied in expression
in the mesenteric fat between HFD Tg rats and WT rats were ex-
amined in other adipose tissues, namely subcutaneous and
epididymal fat and brown adipose tissue. The mRNA levels of
target genes were normalized against those of GAPDH.

Histologic analysis and triacylglycerol content of livers
of Tg rats

The livers of HFD Tg and HFD WT rats were removed for gross
examination and sectioned for hematoxylin and eosin staining,
as described earlier. For assay of the hepatic triacylglycerol con-
tents, the lipids from 25 mg tissue were extracted in 1 ml of
chloroform:methanol [2:1 (v/v)] mixture as described (24), and
triacylglycerol was quantified with a triglyceride E kit (Wako
Chemicals, Tokyo, Japan).

Expression of guanylin and GC-C mRNA in peritoneal
macrophages

To isolate peritoneal macrophages, WT and Tg rats were in-
jected intraperitoneally with 5 ml of 4% thioglycollate. Exudated
cells were collected by washing the peritoneal cavity with 0.9%
saline four days after injection. These cells were incubated for 3 h
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at 37°C in a humidified 5% CO, incubator, and adherent cells
were used as peritoneal macrophages (25). We extracted mRNA
from these peritoneal macrophages and examined the mRNA
expression of guanylin and GC-C by using quantitative PCR as
described earlier; the mRNA levels of target genes were normal-
ized against those of the ribosomal protein 36B4 mRNA.

Coculture of primary mesenteric adipocytes
and macrophages

Adipocytes were cultured in a commercially available primary
culture system (Visceral Adipocyte Culture Kit VACHZ2; Primary
Cell Co., Ltd., Hokkaido, Japan). The culture system included the
stromal vascular cell fraction from the mesenteric fat tissue of SD
rats and a differentiation medium that was based on DMEM and
F12; this medium did not include indomethacin, dexamethasone,
or peroxisome proliferator-activated receptor y (PPAR-y) agonist
(26). Coculture was performed by adding peritoneal macrophages
(1 x 10° cells/ well) of Tg or WT rats to wells containing undiffer-
entiated primary adipocytes (1 x 10° cells/well; 24-well plate). The
cells were incubated at 37°C in a humidified 5% CO, incubator for
8 days to induce differentiation. The culture medium was replaced
with fresh medium every 2 days. After the 8 day incubation period,
the total mixed-cell population was harvested and total RNA was
extracted with an RNeasy Micro kit (Qiagen).

Transfection of macrophages and coculture with primary
mesenteric adipocytes

NR8383 cells, an alveolar macrophage cell line that expresses
both guanylin and GC-C (27), were cultured in F12 medium sup-
plemented with 10% fetal bovine serum. By using Lipo-
fectamine RNAiMax (Invitrogen, Carlsbad, CA) in accordance with
the manufacturer’s instructions, cells were transfected with a
mixture of siRNAs specific for guanylin and GC-C (Stealth siRNAs;
Invitrogen) or with negative control siRNAs; 25 nM of each oligo-
nucleotide was transfected. At 24 h after transfection, undifferen-
tiated primary adipocytes (1 x 10° cells/well; 24-well plate) were
cocultured with transfected cells (1 x 10° cells/well). The cells
were incubated at 37°C in a humidified 5% CO, incubator for 6
days to induce differentiation. The culture medium was replaced
with fresh medium every 2 days. After the 6 day incubation pe-
riod, the total mixed-cell population was harvested and total RNA
was extracted with an RNeasy Micro kit (Qiagen).

Oil Red O staining

Oil Red O staining was performed with a Lipid Assay kit
(Primary Cell Co., Ltd.). Briefly, cells were washed with PBS
and fixed with 10% neutral buffered formalin solution over-
night at room temperature. The cells were washed again with
PBS and stained for 15 min in freshly prepared Oil Red O so-
lution (Oil Red O stock solution:H,0O, 3:2 [v/v]). The stain
was removed, and the cells were washed three times with water
and then photographed.

Adipocyte differentiation and droplet formation in a
coculture system

The expression of genes involved in adipocyte differentiation
and maturation in the cultured adipocytes was evaluated by using
the LightCycler system as described earlier; the PCR oligonucle-
otide primers are listed in supplementary Table II. mRNA levels
of target genes were normalized against those of the ribosomal
protein 36B4 mRNA.

Statistical analysis

We compared groups of data by using Student ttests or
ANOVA (ANOVA) with post hoc Tukey-Kramer tests (IBM
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SPSS Statistics 20.0, Armonk, NY). Pvalues less than 0.05 were
considered significant (two-tailed tests). Data are reported as
means = SEM.

RESULTS

Expression of guanylin and GC-C in the mesenteric
fat of DR rats

Microarray screening revealed unique increases in the
mRNAs of guanylin and its receptor GC-C in the mesenteric
fat of three of the seven DR rats evaluated. These results
were verified by quantitative PCR (Fig. 1A). Microarray
screening also revealed many other genes that were overex-
pressed in the mesenteric fat of DR rats with high expres-
sion of guanylin and GC-C (supplementary Table I). We
focused here on high expression of both guanylin and
GC-C, because guanylin is a specific ligand for GC-C. In ad-
dition, histologic data indicated that most guanylin- or GC-
C-immunoreactive cells in the mesenteric fat tissues of DR
rats with high expression of guanylin and GC-C colocalized
with CD68-immunoreactive cells (Fig. 1B); a negative con-
trol study performed by using IgG did not show any immu-
noreactivity (Fig. 1B). No immunoreactivity for guanylin or
GC-C was detected in the mesenteric adipose tissues from
DIO and control rats (supplementary Fig. I-A).

Generation of guanylin-GC-C double-Tg rats

To investigate whether overexpression of guanylin and
GC-C in macrophages contributes to anti-obesity, we gener-
ated guanylin-GC-C double-Tg rat lines to drive coexpres-
sion of the human guanylin and GC-C genes. We identified
arat SR-A BAC clone that included 130 kb of the 5" flanking
region, the SR-A gene itself, and 50 kb of the 3’ flanking
region (Fig. 2A). By using BAC recombineering, we pre-
cisely removed the entire genomic sequence of the SR-A
gene (i.e., start to stop) from the rat BAC clone and re-
placed it with either the human guanylin genomic sequence
(2 kb sequence from a human BAC clone; Fig. 2B, C) or the
human GC-C cDNA sequence (Fig. 2D); because the hu-
man GC-C gene is large (89 kb), we used cDNA rather than
the genomic sequence for the GC-C construct. The integrity
of each chimeric BAC transgenic construct was confirmed
by sequence analysis (data not shown). After BAC modifica-
tion, each linearized BAC transgenic construct was inde-
pendently purified. Both constructs then were combined in
equal amounts and injected into pronucleus-stage rat em-
bryos to establish transgenic lines. Five founders transmit-
ted the BAC transgenic constructs to F1 pups. A line that
harbored 10 copies of each BAC transgenic construct was
used for subsequent experiments (Fig. 2E). The mesenteric
fat tissues of male Tg rats, but not male WT rats, showed
protein expression of guanylin and GC-C (Fig. 2F).

Resistance of guanylin-GC-C Tg rats to an HFD

To elucidate the roles of guanylin and GC-C in resis-
tance to an HFD in vivo, we assessed the body weight, food
intake, and weight and adipocyte size of the mesenteric fat
in Tg and WT rats fed standard chow or an HFD. We also
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GC-C mRNA expression in mesenteric fat tissue. (A) Quantitative PCR for guanylin or GC-C-mRNA.

Cont, control rats fed standard chow; DIO, rats with HFD-induced obesity; DR, rats with resistance to an
HEFD. (B) Double immunostaining of mesenteric fat with anti-guanylin or anti-GC-C plus anti-CD68 antibod-
ies in DR rats. Left panel, guanylin (brown) and CD68 (blue); middle panel, GC-C (brown) and CD68

(blue); right panel, control IgG. Scale bar, 50 pm.

investigated the plasma levels of FFA, glycerol, and total
cholesterol in Tg and WT rats. There were no significant
differences in body weight and food intake between Tg
and WT rats that received standard chow (Fig. 3A, B).
In contrast, after 10 weeks of an HFD (i.e., by 16 weeks of
age), Tg rats exposed to the HFD (HFD Tg rats) weighed
significantly less (P < 0.05) than did WT rats fed the same
diet (HFD WT rats) (Fig. 3C). Although HFD Tg rats con-
sumed more (P< 0.05) food than did HFD WT rats during
weeks 1 through 4 of HFD feeding (i.e., 10 weeks of age),
food intake did not differ between these two groups there-
after (Fig. 3D). In addition, the lower body weights of HFD
Tg rats were visually apparent (Fig. 3E). Whereas the
weight of the mesenteric fat did not differ between Tg and
WT rats that were fed standard chow, that of HFD Tg rats
was less (P<0.05) than that of HFD WT rats (Fig. 3F), and
the adipocytes were significantly smaller in HFD Tg rats
than in HFD WT rats (Fig. 3G, H). Plasma levels of FFA,
glycerol, and total cholesterol did not differ between Tg
and WT rats on the same diet (Fig. 3I).

Downregulation of mRNA expression of genes involved
in droplet formation factors in Tg rats fed HFD

The mRNA levels of mature adipocyte markers, includ-
ing PPARYy, CCAAT-enhancer-binding protein o (C/EBPa),
adiponectin, and glucose transporter 4 (GLUT4), did
not differ between HFD Tg and HFD WT rats or between
Tg and WT rats fed standard chow. In contrast, mRNA lev-
els of Fas and perilipin, which are important elements in-
volved in lipid droplet formation (28, 29), were significantly
(P<0.05) lower in HFD Tg rats than in HFD WT rats (Fig. 4A)
but did not differ between Tg and WT rats fed standard
chow (Fig. 4A). In contrast, there were no significant differ-
ences in Fas or perilipin mRNA levels in the subcutaneous
and epididymal fat and brown adipose tissue between HFD
Tg and WT rats (supplementary Fig. II-A). Furthermore,
guanylin and GC-C mRNA levels in the subcutaneous and
epididymal fat and brown adipose tissue of HFD Tg rats
were markedly lower than those in the mesenteric fat of
HFD Tg rats (supplementary Fig. II-B). These results suggest
that guanylin-GC-C Tg rats acquire a function that regulates
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Fig. 2. Generation of guanylin-GC-C BAC transgenic (Tg) rats. Structures of the (A) rat SR-A (CH230-56C20) and (B) human guanylin
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genes involved in lipid droplet formation, mainly in the
mesenteric fat, particularly when fed an HFD.

Upregulation of mRNA expression of genes involved
in fatty acid oxidation in the mesenteric fat of
HFD Tg rats

We then examined the mRNA levels of enzymes in-
volved in fatty acid oxidation in the mesenteric fat.
mRNA levels of carnitine palmitoyltransferase la and
acyl-CoA oxidase 1 did not differ between Tg rats and
WT rats, whereas those of acyl-CoA dehydrogenase
(Acad) mRNA were significantly (P < 0.05) greater in
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HFD Tg rats than in the other groups (Fig. 4B). As with
the mRNA expression of genes involved in droplet for-
mation process, the expression of Acadm and Acadl
mRNAs in the subcutaneous and epididymal fat and
brown adipose tissue did not differ between HFD Tg
and WT rats (supplementary Fig. II-A).

Expression of guanylin and GC-C mRNAs in peritoneal
macrophages

The macrophage marker F4/80 was expressed in the
peritoneal macrophages of both Tg and WT rats (supple-
mentary Fig. III). Both guanylin and GC-C mRNAs were
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WT rats. (I) Plasma concentrations of free fatty acid (FFA), glycerol, and total cholesterol. All data are presented as means + SEM (n =4 or

5). #P < 0.05 compared with value for WT rats on the same diet.

expressed in the peritoneal macrophages, mesenteric fat
tissues, and stromal vascular cell fraction of Tg rats but not
WT rats (supplementary Fig. III).

Triacylglycerol accumulation in the liver and plasma
glucose and insulin levels

Lipid accumulation in the livers of HFD Tg rats was nota-
bly mild compared with that in HFD WT rats (Fig. 5A, B).
Accordingly, the hepatic triacylglycerol content was signifi-
cantly (P< 0.05) lower in HFD Tg rats than in HFD WT rats
(Fig. 5C). There were no significant differences in blood glu-
cose levels between Tg and WT rats, whereas plasma insulin
levels were significantly lower in HFD Tg rats than in HFD
WT rats (Fig. 5D).

Role of guanylin-GC-C system in inhibition of droplet
formation in primary cultured mesenteric fat cells

To elucidate whether the guanylin-GC-C system is in-
volved in regulating the accumulation of lipid droplets, we
examined lipid accumulation in a coculture system com-
prising adipocytes and peritoneal macrophages obtained
from Tg and WT rats. Eight days after inducing adipocyte
differentiation in these cells, we stained them with Oil Red
O and showed that the adipocytes cocultured with mac-
rophages of Tg rats had less lipid droplet accumulation
than did adipocytes cultured with those of WT rats (Fig. 6A).

The mRNA levels of PPARy, PPARY2, adiponectin, GLUT4,
Fas, and perilipin were significantly (P < 0.05) lower in
adipocytes cocultured with peritoneal macrophages of Tg
rats compared with those of WT rats (Fig. 6B).

We further investigated the link between guanylin-GC-C
expression and lipid droplet accumulation by using siRNAs
specific to guanylin and GC-C. Guanylin and GC-C mRNA
levels in NR8383 cells were downregulated after transfection
with guanylin- and GC-Cspecific siRNAs (Fig. 6E). Western
blotting and immunohistochemistry revealed decreases in
the protein levels of GC-C and guanylin, respectively, in
NR8383 cells after transfection with each siRNA (Fig. 6F).
When adipocytes and NR8383 cells were cocultured for
6 days in the presence of guanylin- and GC-C-specific siRNAs,
the inhibition of lipid accumulation in cocultured adipocytes
was reduced (Fig. 6C). Guanylin- and GC-C-specific siRNAs
partially increased the mRNA expression levels of C/EBPa,
adiponectin, Fas, and perilipin mRNA expression in cocul-
tured samples; in contrast, these siRNAs had little effect on
the mRNA levels of PPARy, PPARY2, and GLUT4 (Fig. 6D).

DISCUSSION

We revealed high-level expression of guanylin and GC-C
in the mesenteric macrophages of some DR rats. We there-
fore suspect that the guanylin-GC-C system in mesenteric
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macrophages is involved in the regulation of lipid metabo-
lism, leading to a phenotype of diet resistance. We de-
tected high-level expression of guanylin and GC-C in three
of seven DR rats whose weights were low compared with
those of control and DIO rats. In other words, not all DR
rats overexpress guanylin and GC-C in their mesenteric fat
tissues. In fact, gene expression related to Wnt signaling,
vascularization, tissue remodeling, caveolae, and cytoskel-
etal structure also differs among DR mice (30, 31), indicat-
ing that multiple diverse molecules may contribute to the
phenotype of these animals. Our microarray screening re-
vealed altered expression of many genes in the mesenteric
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fat of DR rats showing high expression of guanylin and
GC-C. We took into account the fact that guanylin is a pep-
tide ligand of GC-C and considered that the guanylin-GC-C
system may play a role in the induction of the DR pheno-
type. To date, we have not found high-level expression of
guanylin and GC-C in the mesenteric fat of rats fed stan-
dard chow, suggesting that an HFD may induce the expres-
sion of these factorsin mesenteric macrophages to ultimately
suppress lipid accumulation in some subjects. Although
we used outbred rat strains here, even homogenous in-
bred mouse strains, such as C57BL/6], show a wide dis-
tribution in body weight gain after being fed an HFD



C Liver triacylglycerol D

500 (mg/g tissue) Blood glucose (mg/dL)

150
400
300
200
100

100

50

STD STD
WT Tg

HFD HFD
WT Tg

WT Tg

(30, 31). These findings suggest that multiple factors, in-
cluding unstable stochastic systems and epigenetic modifi-
cations (30), affect susceptibility to an HFD.

GC-C, which is located in the intestinal mucosae, was
first identified as the target for heatstable enterotoxins,
namely 15- to 30-amino-acid peptides produced by E. coli,
Yersinia enterocolitica, and Vibrio cholerae. Heat-stable entero-
toxins cause acute diarrhea by inducing CI secretion and
by inhibiting Na" and H,O absorption (32-34). Guanylin
and uroguanylin were identified in the gastrointestinal
tract as endogenous ligands for GC-C (11-16) and have
since been thought to help maintain fluid and salt homeo-
stasis in a paracrine manner. GCs or their ligands, or both
cascades, have recently been shown to contribute to en-
ergy metabolism (20, 35-38). When fed an HFD, rats
transgenic for BNP are protected from obesity and insulin
resistance, and GC-A knockout mice have diet-induced
obesity and glucose intolerance (20). In addition, CNP may
play a role in regulating food intake and energy metabo-
lism (35). However, the relationship between the guany-
lin-GC-C system and adipocyte regulation had not been
investigated previously.

To investigate the effects of guanylin and GC-C over-
expression on lipid accumulation in vivo, we generated
guanylin-GC-C double-Tg rats. The body weights of HFD
Tg rats fell below those of HFD WT rats, even though
energy intake was similar in HFD Tg and HFD WT rats. In
addition, the mesenteric adipocytes were smaller in HFD
Tg rats than in HFD WT rats. Accordingly, HFD Tg rats
did not show hyperinsulinemia. These findings suggest
that Tg rats are resistant to an HFD and thus escape insu-
lin resistance. Tg rats had no diarrhea throughout the
study, and the amount of feces and the fecal triglyceride
and FFA contents did not differ between HFD Tg and HFD
WT rats (data not shown). Our data demonstrate that lipid
accumulation clearly was inhibited in the mesenteric fat of
HFD Tg rats. Furthermore, mRNA expression of genes
involved in droplet formation was decreased in the mesen-
teric fat, but not in the subcutaneous or epididymal fat
tissues and brown adipose tissues, of HFD Tg rats. mRNA
expression of genes involved in fatty acid oxidation in the
mesenteric fat but not in the subcutaneous or epididymal

Insulin (ng/ml)

Fig. 5. (A) Macroscopic appearance of the liver.
(B) Hematoxylin-eosin staining of liver sections. Scale
bar, 50 wm. (C) Triacylglycerol content of the livers of
Tg and WT rats. (D) Blood glucose and plasma insu-
lin levels in Tg and WT rats. Data are presented as
means = SEM (n =4 or 5). **P< 0.01 compared with
value for WT rats on the same diet.

HFD HFD
WT Tg

fat tissues and brown adipose tissues was higher in these
rats than in HFD WT rats. These findings may reflect the
high levels of expression of guanylin and GC-C in the mes-
enteric fat tissues of HFD Tg rats (supplementary Fig. II-B).
On the other hand, in the mesenteric fat of DR rats with
high-level expression of guanylin and GC-C, Fas mRNA
expression was downregulated, and perilipin mRNA showed
a trend toward downregulation compared with the levels
of mRNA expression in control, DIO, and DR rats without
guanylin and GC-C expression (data not shown). In con-
trast, the mRNA expression of enzymes involved in fatty
acid oxidation in the mesenteric fat of DR rats with high-
level expression of guanylin and GC-C did not differ from
that in control, DIO, and DR rats without guanylin and
GC-C (data not shown). Although here we declined to
investigate the reasons underlying this discrepancy between
Tg rats and DR rats with high-level expression of guanylin
and GC-C, it may reflect differences in the duration of
HFD feeding or the expression levels of guanylin, GC-C, or
both, in the mesenteric macrophages.

In this study, we also showed that lipid accumulation in
the livers of HFD Tg rats was quite mild compared with
that of HFD WT rats. Considering the high levels of ex-
pression of guanylin and GC-C in the livers of HFD Tg rats
(data not shown), these data suggest that the guanylin-
GC-C system regulates lipid accumulation in other organs
in addition to the mesenteric fat. To address how guany-
lin-GC-C system functions for inhibition of lipid accumula-
tion, further investigations would be required.

Recently, apoptosis inhibitor of macrophages (AIM)
protein was shown to be transported from macrophages to
adipocytes via CD36, thereby decreasing the activity of Fas
(39). This process inhibits droplet formation and subse-
quently stimulates FFA efflux from adipocytes (39). Our
data similarly showed that the mRNA levels of Fas and per-
ilipin in the mesenteric fat were lower in HFD Tg rats than
in HFD WT rats. These findings suggest that plasma FFA
and glycerol levels increase after excess release of lipids
from the mesenteric fat of HFD Tg rats. However, plasma
levels of FFA and glycerol did not differ between HFD Tg
and HFD WT rats. These data indicate that guanylin-GC-C
double-Tg rats have a strong ability to catabolize excess

Guanylin-GC-C system contributes to lipid metabolism 93



>
w

[ Adipocytes+WT peritoneal macrophages

Adipocytes Adipocytes b )
+ - M Adipocytes+Tg peritoneal macrophages

WT peritoneal macrophages Tg peritoneal macrophages 15
72}
. ORI %) - a
- 8

<1.0
=
o
£

205
L]
()
o

PPARy PPARy2 C/EBPo Adipog GLUT4  Fasn Perilipin

[ Adipocytes+macrophages (Mock)

Adipocytes Adipocytes
2 + o : + i M Adipocytes+macrophages (siRNA)

Ead

macrophages (Mock) macrophages (siRNA) 10

R

Relative mRNA levels

PPARy PPARy2 C/EBPo Adipog GLUT4  Fasn Perilipin

o

Mock siRNA

GC-C| — Guanylin

B-ACtin c——

ke

)

°©

>

£

<

g
£0.5
)

2

]

©

o

0 Mock siRNA  Mock siRNA

Fig. 6. Coculture of primary adipocytes with guanylin- and GC-C-expressing macrophages. (A) Lipid accumulation in adipocytes cocul-
tured with peritoneal macrophages of WT and Tg rats. Neutral lipids were stained with Oil Red O on day 8 after the induction of adipogen-
esis. Scale bar, 20 pm. (B) Quantitative PCR of genes involved in adipocyte maturation and droplet formation. Data were normalized
against the mRNA levels of ribosomal protein 36B4 and are expressed as fold induction relative to that of adipocytes with peritoneal mac-
rophage of WT rats. Data are presented as means + SEM (n = 16). *P < 0.05, **P < 0.01, ***P < 0.001 compared with the value for adipocytes
cocultured with peritoneal macrophages of WT rats. (C) Lipid accumulation in adipocytes cocultured with nontargeting control mock-
transfected macrophages or cocultured with macrophages transfected with guanylin and GC-C siRNAs. Neutral lipids were stained with Oil
Red O six days after the induction of adipogenesis. Scale bar, 20 pm. (D) Quantitative PCR of genes involved in adipocyte maturation and
droplet formation. Data were normalized against the amount of 36B4 mRNA and were expressed as fold induction relative to that of adi-
pocytes cocultured with mock-transfected macrophages. Data are presented as means + SEM (n =5). **%P<(0.001 compared with the value
for adipocytes cocultured with mock-transfected macrophages. (E) mRNA levels of GC-C and guanylin in macrophages 24 h after their
transfection with specific siRNAs against GC-C or guanylin or mock siRNA. ***P < 0.001 compared with value for mock-transfected mac-
rophages (n = 7). (F) Western blot analysis of GC-C and immnunohistochemical analysis of guanylin in macrophages 6 days after transfec-
tion with GC-C, guanylin, or mock siRNA. B-actin was used as a loading control. For immunohistochemical analysis, cultured cells were
fixed with paraformaldehyde and stained with anti-guanylin antibody and Alexa-594-conjugated anti-rabbit IgG. Scale bar, 50 pm.

lipids and prevent their accumulation. Additional studies to between HFD Tg and HFD WT rats. Although the incon-
elucidate the functional and mechanistic characteristics sistency in mRNA expression in vivo compared with in
of the macrophages expressing guanylin and GC-C likely  vitro is difficult to explain, the results may depend on the

would yield insight into the unique metabolism of Tg rats. ratio of macrophages to adipocytes in the coculture sys-

To investigate the practical contribution of the guany-  tem. Taken together, our in vitro study demonstrates that
lin-GC-C system to lipid accumulation, we used a coculture the guanylin-GC-C system may be associated with lipid
system comprising mesenteric fat cells and peritoneal mac-  droplet accumulation and the expression of genes in-
rophages obtained from Tg and WT rats. Using this cocul-  volved in the process of droplet formation and that various

ture system, we showed that the mRNA levels of PPARYy, factors associated with this system may help to regulate
PPARY2, adiponectin, GLUT4, Fas, and perilipin were these processes in mesenteric fat. Therefore, this cocul-
lower in cocultured adipocytes with macrophages of Tg  ture system may be a useful tool for identifying new factors
rats than in adipocytes cultured with those of WT rats. In  that are involved in lipid accumulation.

addition, adding guanylin- and GC-C-specific siRNAs to We showed here that the guanylin-GC-C system in mac-
the coculture system partially restored lipid accumulation rophages likely contributes to the inhibition of lipid accu-
and marker mRNA expression. In contrast, in vivo experi- mulation and that this system may be associated with
ments indicated that the mRNA expression of PPARYy, adi- factors involved in inducing diet resistance. Our data indicate

ponectin, and GLUT4 in the mesenteric fat did not differ that the guanylin-GC-C system decreases the expression of
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genes involved in lipid droplet accumulation and increases
that of other genes involved in fatty acid oxidation in mes-
enteric fat, leading to the hypothesis that guanylin and
GC-C system functions as a regulatory system for lipid me-
tabolism. We also have revealed the expression of guanylin
and GC-C mRNA in the liver and peritoneal macrophages
of Tg rats, suggesting that the guanylin-GC-C system has
important functions in tissues additional to the mesenteric
fat. Furthermore, our in vitro data suggest that various
factors, including humoral factors, may play an important
role in the inhibition of lipid accumulation. To identify
the mechanisms or factors involved in regulating lipid
accumulation, we are seeking key molecules that are
upstream or downstream of the guanylin-GC-C system. We
anticipate that elucidating the mechanism that inhibits
excess lipid accumulation via the guanylin-GC-C system
will help to identify target molecules that can be used to
prevent or treat obesity and its related diseases Jill
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