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EDITOR’S QUIZ: GI SNAPSHOT ...

Answer

From guestion on page 1150

An cmergency operation was performed which revealed
foreign material which had penetrated into the ilevin. A
wedge resection of the perforated bowel region was under-
laken, and intraperitoneal drainage was performed. The
patient was discharged from our hospital nine days post-
operatively in good condition.

The object that had been imaged on sthe computed
tomography scan was found 1o be the fool of a soft shelled
turtle {fig 2), commonly referred to as “Supon” in Japanese
(scicinific name Triomyx sincisis}. This turlle is only served on
special occasions and is an expensive item for cuisine.
Discussions with the patient indicated that he had eaten
soft shelted tartle two months before the operation during a
new vear festival in January. As an aid in identifying this type
of situation. it is imporian! 10 also make use of preoperative
compuied tomography scans, review the patient’s hisiory in
tight of any prior operations and, where possible, evaluate the
patient’s menu or discuss wirh the family to recollect any
sources of hard body parts that could be an immediale source
of the problem.
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Figure 2 A piclure of the foot of a soft shelled turtle.
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Summary

A large collection of bioactive compounds with diverse
biological effects can be used as probes to elucidate
new biological mechanisms that influence a particular
cellular process. Here we analyze the effects of 880
well-known small-molecule bioactives or drugs on the
insulin-induced adipogenesis of 3T3-L1 fibroblasts, a
cell-culture model of fat cell differentiation. Our screen
identified 86 compounds as modulators of the adipo-
genic differentiation of 3T3-L1 cells. Examination of
their chemical and pharmacologica! information re-
vealed that antihistamine drugs with distinct chemical
scaffolds inhibit differentiation. Histamine H1 receptor
is expressed in 3T3-L1 cells, and its knockdown by
small interfering RNA impaired the insulin-induced ad-
ipogenic differentiation. Histamine receptors and his-
tamine-like biogenic amines may play a role in induc-
ing adipogenesis in response to insulin.

Introduction

The ongoing global explosion in the incidence of obesity
has fueled efforts on molecular understanding of fat cell
differentiation. The study of different steps leading to
this terminal differentiation has been facilitated by the
development of established preadipocyte cell lines.
Among them, the 3T3-L1 fibroblast cell line is perhaps
the best characterized, and its differentiation has served
as an excellent cell-culture model of adipogenesis [1, 2].
When treated with insulin, 3T3-L1 cells undergo differen-
tiation to mature fat cells, which are morphologically
distinct from the original cells because of their roundad
shapes and the presence of cytoplasmic oil droplets. The
transparent morphology of 3T3-L1-derived adipocytes
has been used for unveiling the molecular events that
orchestrate adipogenesis, including the roles of C/EBPs
and PPARy in mediating the expression of adipocyte-
specific genes [3, 4].

New biclogical pathways that influence particular cellu-
lar processes are often discovered by the use of bioactive
small molecules. Inthe case of the adipogenic differenti-
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ation of 3T3-L1 cells, thiazolidinediones, dexamethasone,
methylisobutylxanthine, HIV protease inhibitors, MAPK
inhibitors, nonsteroidal anti-inflammatory drugs, and
cyclosporin have been found to influence the differentia-
tion [5-9]. These adipogenesis modulators facilitated
studies of molecular cascades mediating adipogenesis,
including the pathways of PPARY, glucocorticoid re-
ceptor, CREB, MAPK, IKK, and NFAT, However, these
agents were originally tested largely through empirical
means, and more systematic analysis of small molecules
could provide additional insights into the molecular
events that influence adipogenic differentiation.

Here we analyze the effects of 880 bioactive small
molecules on the insulin-induced adipogenesis of 3T3-
L1 cells. The biological mechanisms or pharmacological
effects of these molecules have been extensively stud-
ied, and many of them are marketed as pharmaceuticals.
Just as DNA microarray analysis with annotated gene
probes has provided insights into novel gene functions,
the phenotypic adipogenesis assay with the annotated
chemical library may permit quick elucidation of new
biological mechanisms that influence adipogenic differ-
entiation.

Results

Effects of 880 Compounds on Adipogenesis

We assayed a collection of 880 bioactive compounds
for their ability to modulate the insulin-induced adipo-
genesis of 3T3-L1 cells. These commercially available
bioactives {average molecular weight = 377) were se-
lected for structural diversity and a broad spectrum
covering therapeutic areas including neuropsychiatry,
cardiology, immunology, anti-inflammatory, analgesia,
cancer, metabolic diseases, etc. More than 85% of the
compounds have been marketed either in the United
States or Europe as pharmaceuticals or supplements,
and their biological mechanisms or pharmacological
effects have been extensively studied. The results of
repeated phenotypic assays at 5 pM showed that 47
compounds stimulated adipogenesis while 39 com-
pounds blocked differentiation without detectable cyto-
toxicity. Fifteen of 47 adipogenesis-enhancing chemi-
cals were analogs of steroid hormones, consistent with
the reported adipogenic effects of the glucocorticoid
family of steroids [3]. The adipogenesis-enhancing com-
pounds also included the Na* channel blockers, mexilet-
ine and amiodarone, and the anticoagulants, acenocu-
marol and dicumarol. On the other hand, the 39
adipogenesis-blockers included antibiotics, agricultural
chemicals, and nucleotide analogs. Figure 1 shows typi-
cal examples of morphological appearance and RT-PCR
analysis of the chemicai-treated cells. The cells treated
with mifepristone (steroid), harmin (alkaloid), or homo-
cystein thiolactone (amino acid analog) exhibited en-
hanced adipogenesis and increased expression of the
adipogenic marker aP2. By contrast, the differentiation
of cells incubated with isotretinoin {retinoic acid analog),
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Figure 1. Effects of 880 Bicactive Compounds on insulin-Induced
Adipogenesis of 373-L1 Cells

The differentiation of 3T3-L1 cells was induced by insulin in the
presence of 1% (v/v) DMSO only (B) or 5 M compounds. Ten days
after the induction, the differentiated cells were stained with Qil-
Red O, and their microscopic images wers captured. Effects of
representative adipogenesis enhancers and blockers are shown:
mifepristone (C), harmin (D), homocystein thivlactone (E), isotreti-
noin (F), thioguanosine {G), and dequalinium {H). (A) shows a micro-
scopic image of the cells without insulin induction. The levels of
differentiation were also evaluated by RT-PCR analysis of the aP2
gene, an adipocyte-specific marker (I).

thioguanosine (hucleotide analog), and dequalinium {an-
tibiotic) was completely abolished, showing no oil drop-
lets and no detectable increase of aP2 mRNA fevels.

Dmsc; control ” | &) L
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Figure 2. Inhibition of Adipogenic Differentiation by Histamine
Blockers

The differentiation of 3T3-L1 cells was induced by Insulin in the
presance of 5 uM of histamine blockers: diphenhydramine (B}, chlor-
pheniramine (C), astemizole (D), and triprolidine (E). Ten days after
the induction, the differentiated cells were stained with Oil-Red O,
and their microscopic images were captured. (A} shows a micro-
scopic image of the cells treated with 1% (v/v) DMSQ only. The
levels of differentiation were also evaluated by RT-PCR analysis of
the aP2 gene, an adipocyte-specific marker (F).

While perfarming the adipegenesis assays, we noted
persistent adipogenesis-blocking effects of histamine
H1 receptor antagonists. incubation with any one of
the four clinically used histamine H1 receptor blockers,
diphenhydramine, chlorpheniramine, astemizole, and
triprolidine completely abolished the differentiation of
3T3-L1 cells, resulting in no accumulation of triacylglyc-
erol vesicles and impaired expression of the aP2 marker
(Figure 2). Chemically analogous monoamine drugs with
no antihistamine activity such as dacarbazine had little
effect on adipogenic differentiation (data not shown),
suggesting that the inhibition of adipogenesis is due to
histamine antagonism.
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Figure 3. Inhibition of Adipogenic Differentiation by an Anti-Hista-
mine Antibody

The differentiation of 3T3-L1 cells was induced by insulin in the
presence of antl-histamine or anti-serotonin antibodies. Ten days
after the induction, the differentiated cells were stained with Qil-
Red O and counted {A), Addition of free histamine to the medium
in the presence of anti-histamine antibody restored the insulin-
induced adipogenesis, while that of serotonin had no detectable
effect (B). Mean values and SE of three independent experiments
wera plotted.

Histamine as an Adipogenic Factor

for 3T3-L1 Cells

Histamine, released from mast cells, basophils, or enter-
ochromaffin-like cells, circulates in the blood, with nor-
ma! mouse plasma containing a high nM range of hista-
mine [10]. We quantified the histamine concentration in
the fetal bovine serum that we used for the differentiation
of 3T3-L1 cells and found that it contained 14.1 nM
histamine, which is higher than the estimated K|, of hista-
mine for the histamine H1 receptor [11]. We speculated
that histamine in the fetal bovine serum acts as a stimu-
latory factor for the adipogenic differentiation of 373-
L1 cells. To test this hypothesis, we used anti-histamine
antibody to neutralize histamine in the culture medium.
3T3-L1 cells were treated with insulin in the presence
of anti-histamine antibody, and the numbers of differen-
tiated cells were counted after staining with Oil-Red
0. The neutralization of serum histamine resulted in a
decreased number of differentiated cells in a dose-
dependent manner. In contrast, an anti-serctonin anti-
body had no detectable effect on adipogenic differentia-
tion even at high concentration (Figure 3A). Addition of
free histamine back into the medium restored the level of
adipogenesis, whereas adding serotonin had no effect
(Figure 3B). These results suggest that histamine in the
serum potentiates the insulin-induced differentiation.

Figura 4. Exprassion Levels of the Histamine H1 and H2 Receptors
in Undifferentiated and Fully Differentiated 3T3-L1 Cells

Total RNA was extracted from undifferantiated 3T3-L1 fibroblasts or
fully differentiated counterparts, and subjected to RT-PCR analysis
with primers specific for the histamine H1 receptor, the histamine
H2 raceptar, aP2, and B-actin. The histamine H1 receptor is ex-
pressed both in undifferentiated and differentiated 3T3-L1 cells,
whila expression of histamine H2 receptor was detected only after
differentiation.

Expression of the Ristamine H1 Receptor

in 3T3-L1 Cells

We next examined the expression levels of histamine
receptors in 3T3-L1 cells. Four members of the hista-
mine receptor family have been described so far (H1,
H2, H3, and H4 receptors) [12, 13]. RT-PCR analysis of
each receptor gene demonstrated that the histamine H1
receptor is highly expressed both in 3T3-L1 cells and
their fully differentiated counterparts (Figure 4). Expres-
sion of the H2 receptor was detected only after differen-
tiation (Figure 4), and expression of the H3 and H4 recep-
tors was observed neither before nor after differentiation
{(data not shown). Diphenhydramine, chlorpheniramine,
astemizole, and triprolidine are well-known blockers se-
lective for histamine H1 receptor [12]: the expression of
the H1 receptor in 3T3-L1 cells is consistent with the
observed inhibitory effects of H1-receptor-selective an-
tagonists.

Knockdown of the Histamine H1 Receptor

Impairs the Adipogenesis of 3T3-L1 Cells

it is possible to imagine that H1 antagonists inhibit adi-
pogenesis by targeting proteins otherthan the histamine
H1 receptor. For example, diphenhydramine, chlorphen-
iramine, and triprolidine have been reported to inhibit
cytochrome P-450 2D family members, as well as the
histamine H1 receptor (14). To gain direct evidence that
the histamine H1 receptor plays a role in inducing the
adipogenic differentiation of 3T3-L1 cells, we employed
the small interfering RNA (siRNA) technique [15]. An
cligonucieotide duplex encoding an siRNA specitic for
the histamine H1 receptor was inserted into an expres-
sion vector driven by the RNA polymerase 1l H1 gene
promoter [16], and the resulting vector was stably trans-
fected into 3T3-L1 cells. Neomycin-resistance selection
established two stably transfected clones. RT-PCR
analysis of the clones confirmed selective silencing of
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histamine H1 receptor expression (Figure 5A). The
knockdown of the histamine H1 receptor rendered the
two clones resistant to insulin-induced adipogenesis
(Figures 5B-5H): no oil droplets or expression of the
aP2 gene was observed after insulin treatment, while
20%-30% cells of 3T3-L1 neo, a transformant with the
empty vector, differentiated just as well as the parental
3T3-L1 cells. These results indicate that the histamine
H1 receptor is required for the facile, efficient adipogen-
esis of 3T3-L1 cells.

Discussion

Histamine and Insulin

Histamine is a chemical mediator implicated in inflam-
mation, gastric acid secretion, and neurotransmission
[17-21] and its antagonists are excellent pharmaceuti-
cals for allergy and gastric ulcer [22, 23]. Qur study
identified histamine blockers as inhibitors of the insulin-
induced differentiation of 3T3-L1 cells and suggested a
role for the histamine H1 receptor in promotion of insu-
lin-induced adipogenesis. Roles of histamine in food
intake and adiposity have been demonstrated using a
range of animal models. in whole animals, however,
disruption of the histamine H1 receptor generates obese
phenotypes instead of decreased levels of body fat [24].
The obese phenotypes are believed to result primarily
from disabled neuronal function of histamine and
thereby inhibition of leptin, a circulating satiety factor
that suppresses food intake [24, 25]. Phenotypes of
knockout animals are often governed by systemic,
global effects of gene function in the context of complex
interplay of related proteins; the adipogenic effects of
the histamine H1 receptor, which were detectable in
cultured cells, may be masked and undetectable in the
knockout mice. lt is also possible that the adipogenic
effects of the histamine H1 receptor or histamine are
exerted transiently or under particular conditions in vivo
and might be pronounced only in the in vitro model of
adipogenasis.

Our results can also be explained by considering his-
tamine as a general stimulatory factor of insulin, as the
inhibition of histamine rendered 3T3-L1 cells completely
nonresponsive to insulin for adipogenesis. The stimula-
tory role of histamine is consistent with the glucose
intolerance and insulin resistance reported recently in
knockout mice of histidine decarboxylase, the rate-lim-
iting enzyme for histamine synthesis in mammals [26].
The blood glucose levels in these mice are not respon-
sive to injected insulin, and symptoms of hyperinsulin-
emia have been observed. Moreover, it has recently
been reported that histamine stimulates glucose uptake
in rat adipocyte [27] and that insulin up-regulates ex-
pression of the histamine H1 receptor in human astrocy-
toma cells [28]. These previous observations and ours
all suggest that histamine and its receptors play a role
in controlling insulin function and its resistance. How-
ever, it remains unclear how histamine modulates insulin
function. The insutin-induced differentiation of 3T3-L1
cells may find use as an in vitro phenotypic model for
understanding the potential role of histamine and its
receptors in further detail.

Neo

siRNAH1R
clone 1

siRNA H1R
clone 2

No insulin Insulin

Figure 5. Inhibition of Insulin-induced Adipogenesis by siRNA
Knockdown of the Histamine Ht Receptor

3T3-L1 cells were transfected with an axpression vaector encoding
an siRNA specific for the histamine H1 receptor gene, and two stably
transfected clones were obtained. RT-PCR analysis of the clones
demonstrated the successful knockdown of the histamine H1 recep-
tor in both clones (A). When induced by insulin, approximately 20%
of 3T3-L1 neo cells exhibited phenotypes of adipocytes (B and C),
whareas the knockdown clones were resistant to insulin-induced
differentiation (D—G). The levels of differentiation were also evalu-
ated by RT-PCR analysis of the aP2 gene, an adipocyte-specific
marker (H).
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Adipogenesis for Monitoring Histamine

In our previous work, we profiled a chemical library of
10,000 divergent synthetic compounds, using the adipo-
genic differentiation of 3T3-L1 cells. Differentiation pro-
filing enabled the construction of a smaller focused li-
brary of hioactive molecules, from which we were able to
isolate small molecules with a range of pharmacological
effects [29]. The results suggested that insulin-induced
adipogenesis serves as a phenotypic indicator of seem-
ingly unrelated pharmacological effects of chemicals.
Here we profiled 880 “known” drugs by adipogenesis in
search of therapeutically important signaling pathways
that modulate insulin-induced adipogenesis. The screen-
ing results, followed by siRNA validation, show that his-
tamine blockers impair the differentiation of 3T3-L1 cells
through their inhibition of the histamine H1 receptor,
The insulin-induced adipogenesis of 3T3-L1 cells may
prove to be a convenient phenotypic assay for the analy-
sis of the histamine H1 receptor pathway or its chemical
modulators.

Use of an Annotated Chemical Library to Elucidate
Biological Functions

Bioactive small molecules, whether natural products or
synthetic, have served as a powerful probe for the study
of protein function in cells. Among prominent examples
are the immunosuppressive drug FK506, the microtu-
bule poison colchicine, the tumor promoter phorbol es-
ters, the histone-deacetylase inhibitor trichostatin A, the
kinase inhibitor wortmannin, and the proteasome inhibi-
tor lactacystin [30-33]. These probes have been exten-
sively used for the biological studies by virtue of their
convenient handling, high cell permeability, and condi-
tional nature of their chemical effects. A large collection
of such biologically proven compounds would constitute
a library of annotated chemical probes that could permit
quick elucidation of new biological mechanisms [34].

Our case study supports the proposed utility of Jarge
libraries of annotated chemical probes for biological
studies. However, the chemical library used in this study
is still insuffictent in its number and diversity: it consists
primarily of off-patent drugs and widely known bioac-
tives. Fortunately, recent advances in chemical diversity
generation and new screening methodologies are in-
creasing the number of unique bioactive compounds
with novel mechanisms [35]. Once the newly discovered
agents have been more completely studied through fur-
ther selectivity validation or target identification, they
will supplement the array of biologically active mole-
cutes that are currently available and might constitute
a chemical library that can probe a more complete set
of gene products and pathways. Target identification
of bioactive compounds, whether synthetic or natural
products, will increasingly be important for future en-
deavors because newly discovered agents can never
be useful for the type of applications described here
until they have been annotated.

The greatest challenge of the chemical approach re-
mains the issue of specificity. A number of excellent
small-molecule drugs, especially synthetic ones, target
multiple cellular proteins to achieve synergistic pharma-
cological effects and to allow application in broader

conditions. One needs to ensure that the phenotype
caused by a compound is indeed due solely to the inhibi-
tion of its supposed target. Confirmation using indepen-
dent approaches is required after an initial chemical
screening, and the siRNA technigue may be an excellent
companion when a phenotype-causing probe inhibits a
protein’s function. In our study, a correlation between
histamine-blocking activity and adipogenesis inhibition
was found in multiple compounds and served as a basis
for the successful siRNA analysis of the histamine H1
receptor. Our results suggest that careful examination of
the structure-activity refationship of phenotype-causing
probes relieves the specificity concem and leads to a
tractable number of hypotheses for more time-consum-
ing siRNA confirmation.

Significance

Systematic elucidation of protein function by small-
molecule probes is referred to as reverse chemical
genetics [36]. This interdisciplinary approach uniting
biology, chemistry, and pharmacology still has prob-
lems to overcome for its full potential to be reached,
but enriches future opportunities in biology and medi-
cine. Our case study, although at an early stage of
the field, prevides an encouraging example for the
forthcoming endeavor and suggests an interesting
rale for histamine receptors in insulin-induced adipo-
genesis.

Experimental Procedures

Materials

3T3-L1 cells were obtained from ATCC and maintained in DMEM
supplemented with 10% calf serum. Anti-histarmnine or serotonin
antibodies were from GHEMICON and ImmunoStar, respectively. A
collection of 880 bioactive compounds {Prestwick Chemical Library)
was purchased from Prestwick Chemical. Twenty-five milligrams of
dry powder of each compound were digsolved in DMSO and stored
in dark at —20 C° before use.

Chemical Screen of the Adipogenic Differentiation

373-L1 cells were grown to complete confluence and incubated for
another two days. The medium was switched to DMEM containing
10% fetal bovine serum, 5 pa/ml of insulin, and 5 .M of each bicac-
tive compound. The final DMSO concentration was 1% {v/v). Three
days after the induction of adipogenic differentiation, half of the
medium was changed to fresh medium without chemicals every two
days. Adipose oil droplets were stained with Oil-Red O ten days
after the chemical treatment, and the cells were examined under
microscope. This procedure permits the adipogenesis of 15%-20%
of the cells in the absence of a chemical (DMSO control), enabling
the discovery of both adipogenesis enhancers and blockers.

RT-PCR

Total RNA extraction and reverse transcription reaction were per-
formed as described [28]. Primer sets used for PCR were as follows.
The histamine H1 receptor: 5'-CTG GTG GTG GTT CTT AGT AGT
ATC-3’ (sense) and 5'-CAG CAT CAG CAA AGT GGG GAG GTA-3'
{antisense). The histamine H2 receptor: 6'-CGT CTG CCT GGC TGT
CAG CTT G-3' (sense) and 5'-AGA GGC AGG TAG AAG GTG ACC
A-3' {antisense). The histamine H3 receptor: 5'-CTC TGC AAG CTG
TGG CTG GTG GTA GAC TAC CTA CTG TGT G-3’ (sense) and 5'-
CTT CTT GTC CCG CGA CAG CCG AAA GCG CTG GGT GAT GCT
T-3' (antisense), The histamine H4 receptor: 5'-CAC GCT GTT TAA
CTG GAA TTT TGG AAG TGG AAT CTG CAT G-3' (sense) and 5'-
ACC AAG AAA GCC AGT ATC CAA ACA GCC ACC ATT TGA GC-3’
{antisense). Beta-actin; 5'-CGT ACC ACC GGC ATT GTG AT-3
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(sense) and 5'-GAG CAG TAA TCT CCT TCT GC-3’ (antisense). The
primers for the aP2 gene were described in our previous study [28].
PCR samples were denaturad at 24°C for 40 s, annealed at 60°C for
40 s, and extended at 72°C for 60 s with 22 cycles for B-actin, 24
cycles for aP2, and 28 cycles for the histamine H1 and H2 receptors.

Quantification of Histamine

Fetal bovine serum (invitrogen) was treated with 3% HCIO, and
centrifuged at 800 x g for 5 min. The supernatant was added to an
equal volume of 0.5 M sodium phosphate buffer (pH 6.5) and the
pH of the mixture was adjusted to 6.5 by adding 5 N KOH. Hista-
mine in the sample was separated by an Amberlite CG-50 cation-
exchange column [37] and quantified by a fluorometric assay as
described [38].

siRNA Experiment

To target the mRNA of the histamine H1 receptor, we designed two
complimentary oligonucleotides, 5-GAT CCC CGA TCA TGA CCG
CCA TCA TCT TCA AGA GAG ATG ATG GCG GTC ATG ATC TTT
TT-3' and 5'-AGC TAA AAA GAT CAT GAC CGC CAT CAT CTC TCT
TGA AGA TGA TGG CGG TCA TGA TCG GG-Y. The underined
sequences indicate a target sequence (position 574-593) and its
reverse complement. The oligonucleotides were annealed and then
inserted into a pSUPER.neo vector (Oligoengine). The resulting plas-
mid was transfected into 3T3-L1 cells with Lipefectamine Reagent
{Invitragen). To establish stably transfected clones, neomycin-deriv-
ative G418 (Gibco) was used at a concentration of 500 pg/ml and
two stable transformants were established. The expression levels
of the histamine Ht raceptor were evaluated by RT-PCR.

Acknowledgments

This work is supported in part by U.S. Department of Defense Pros-
tate Cancer Research Program (DAMD17-03-1-0228). Y K. is a Post-
doctoral Fellow of The American Parkinson Disease Association.
We thank J.H. Wiison for editing the manuscript and the members
of the Uesugi group for discussion and encouragement.

Received: January 20, 2004
Revised: March 11, 2004
Accepted: April 7, 2004
Published: July 23, 2004

References

1. Green, H., and Kehinde, O. {1976). Spontaneous heritable
changes leading to increased adipose conversion in 3T3 cells.
Cell 7, 105-113.

2. Green, H., and Kehinde, O, {1975). An established preadipese
cell line and its differentiation in culture. |l. Factors affecting
the adipose conversion. Cell 5, 19-27.

3. Rosen, E.D., and Spiegelman, B.M, (2000). Molecular regulation
of adipogenesis. Annu. Rev. Cell Dev. Biol. 16, 145171,

4. MacDougald, O.A,, and Lane, M.D. (1995), Transcriptional regu-
lation of gene expression during adipocyte differentiation. Annu.
Rev. Biochem. 64, 345-373,

5. Zhang, B., MacNaul, K., Szalkowski, D., Li, Z., Berger, J,, and
Moller, D.E. (1999). Inhibition of adipocyle differentiation by HIV
protease inhibitors. J. Clin. Endocrinol. Metab. 84, 4274-4277.

6. Dowell, P., Flexner, C., Kwiterovich, P.O., and Lane, M.D. (2000).
Suppression of preadipocyte differentiation and promotion of
adipocyte death by HIV protease inhibitors. J. Biol. Chem. 275,
41325-41332.

7. Font de Mora, J., Porras, A., Ahn, N., and Santos, E. (1997).
Mitogen-activated protein kinase activation is not necessary
for, but antagonizes, 3T3-L1 adipocytic differentiation. Mol.
Cell. Biol. 17, 6068-6075.

8. Engeiman, J.A,, Berg, AH., Lewis, RY., Lin, A, Lisanti, M.P.,
and Scherer, P.E. {1989). Constitutively active mitogen-acti-
vated protein kinase kinase 6 {(MKKB) or salicylate induces spon-
taneous 3T3-L1 adipogenesis. J. Bicl. Chem. 274, 35630-35638.

9, Ho, L.C., Kim, J.H., Rocney, J.W., Spiegeiman, B.M., and
Glimcher, L.H. (1998). A potential role for the nuclear factor of

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21,

22,

23

24.

25.

26.

27

28.

29,

30.

31,

_64_

activated T cells family of transcriptional regulatory proteins in
adipogenesis. Proc. Natl. Acad. Sci. USA 95, 15537-15541.
Ohtsu, H., Tanaka, S., Terui, T., Hori, Y., Makabe-Kobayashi,
Y., Pejler, G., Tchougounova, E., Hellman, L., Gertsenstein, M.,
Hirasawa, N., et al. {2001). Mice lacking histidine decarboxylase
exhibit abnormal mast cells. FEBS Lett. 502, 53-56,

Hill, 8.J., Emson, P.C., and Youna, J.M. {1978). The binding of
mepyramine to histamine H1 receptors in guinea-pig brain.
J. Neurochem. 31, 997-1004.

Hilt, 8.J., Ganellin, C.R., Timmerman, H., Schwartz, J.C., Shank-
ley, N.P., Young, J.M., Schunack, W., Levi, R., and Haas, H.L.
{1997). Intemationa! Union of Pharmacology. Xill. Classification
of histamine receptors. Pharmacol. Rev. 49, 253-278.
Nakamura, T., ltadani, H., Hidaka, Y., Ohta, M., and Tanaka, K.
{2000). Molecular cloning and characterization of a new human
histamine receptor, HH4R. Biochem. Biophys. Res. Commun.
279, 615-620.

Hirci, T., Ohishi, N., Imacka, S., Yabusaki, Y., Fukui, H., and
Funae, Y. (1995). Mepyramine, a histamine H1 receptor antago-
nist, inhibits the metabolic activity of rat and human P450 2D
forms. J. Pharmacol. Exp. Ther, 272, 939-944.

Elbashir, .M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K.,
and Tuschl, T. (2001}, Duplexes of 21-nucleotide RNAs mediate
RNA interference in cultured mammalian cells. Nature 471,
494-498,

Brummelkamp, T.R., Bernards, R., and Agami, R. (2002). A sys-
tem for stable expression of short interfering RNAs in mamma-
lian cells. Science 296, 550-553.

Beaven, M.A. {1976). Histamine (first of two parts). N. Engl. J.
Med, 294, 30-36.

Beaven, M.A. {1976). Histamine (second of two parts). N. Engl.
J. Med. 294, 320-325.

White, M.V. (1990). The role of histamine in allergic diseases. J.
Allergy Clin. Immuncl. 86, 599-605.

Barocelli, E., and Ballabeni, V. (2003). Histamine in the control
of gastric acid secretion: a topic review. Pharmacol. Res. 47,
299-304.

Schwartz, J.C., Pollard, H., and Quach, T.T. (1980). Histamine
as a neurctransmitter in mammalian brain: neurochemical evi-
dence. J. Neurochem. 35, 26-33.

Simons, F.E. (2003). H1-Antihistamines: more relevant than ever
in the treatment of allergic disorders. J. Allergy Clin, immunol.
112, 542-552.

Huang, J.Gk., and Hunt, R.H. {2001). Pharmacelogical and phar-
macodynamic essentials of H(2)-receptor antagonists and pro-
ton pump inhibitors for the practising physician. Best Pract.
Res. Clin. Gastroenterol. 15, 355-370.

Masaki, T., Yoshimatsuy, H., Chiba, S., Watanabe, T., and Sakata,
T. (2001). Targeted disruption of histamine H1-receptor attenu-
ates regulatory effects of leptin on feeding, adipesity, and UCP
family in mice, Diabetes 50, 385-391.

Morimoto, T., Yaramoto, Y., Mobarakeh, J.I., Yanai, K., Wata-
nabe, T., and Yamatodani, A. {1999). Involvement of the hista-
minergic system in teptin-induced suppression of food intake.
Physicl. Behav. 67, §79-683.

Fulop, AK., Foldes, A., Buzas, E., Hegyi, K., Miklos, LH., Romics,
L., Kleiber, M., Nagy, A., Falus, A., and Kovacs, K.J. (2003).
Hyperleptinemia, visceral adiposity, and decreased glucose tol-
erance in mice with a targeted disruption of the histidine decar-
boxylase gene. Endocrinology 144, 4306-4314.

Laurier, V., Visentin, V., Fontana, E., Morin, N., Prevot, D., and
Carpene, C. (2002). Histamine stimulates glucose transport in
rat adipocytes but not in human subcutaneous fat cells. In-
flamm. Res. 57 (Suppl 1), 521-822.

Ishikawa, R., Horig, 5., and Fukui, H. (2002). Insufin-induced up-
regulation of histamine H1-receptors. Inflamm. Res. 57 (Supp!
1), $73-574.

Choi, Y., Kawazoe, Y., Murakami, K., Misawa, M., and Ussugi,
M. (2003). Identification of bioactive molecules by adipogenesis
profiling of organic compounds. J. Bicl. Chem, 278, 7320-7324.
Schreiber, S.L. (2003). The small-molecule approach to biology.
Chem. Eng. News March 3, 51-61.

Stockwell, B.R. {2000). Frontiers in chemical genetics. Trends
Biotechnol. 18, 449-455,



Chemical Genetic Analysis of Adipogenesis

913

az

33

35.

36.

37,

Peterson, J.R., and Mitchison, T.J. (2002). Small molecules, big
impact: a history of chemical Inhibitors and the cytoskeleton.
Chem. Biol. 9, 1275-1285.

Crews, C.M., and Splittgerber, U. (1999). Chemical genetics:
exploring and controlling cellular processes with chemical
probes. Trends Biochem. Sci. 24, 317-320.

. Root, D.E., Flaherty, S.P., Kelley, B.P., and Stockwell, B.R.

{2003). Biclogical mechanism profiling using an annotated com-
pound library. Chem. Biol. 10, 881-892.

Schreiber, S.L. (2000). Target-oriented and diversity-oriented
organic synthesis in drug discovery. Science 287, 1964-1969.
Kuruvilla, F.G., Shamiji, A.F., Sternson, §.M., Hergenrother, P.J.,
and Schreiber, S.L. (2002). Dissecting glucose signalling with
diversity-oriented synthesis and small-molecule microarays.
Nature 416, 653-657.

Ohmori, E., Fukui, T., Imanishi, N., Yatsunami, K., and kchikawa,
A. (1990). Purification and characterization of [-histidine decar-
boxylase from mouse mastocytoma P-815 cells, J. Biochem.
(Tokyo) 707, 834-839.

, Shore, P.A., Burkhalter, A., and Cohn, V.H. (1959). A method for

the flucrometric assay of histamine in tissues, J. Pharmacol.
Exp. Ther. 127, 182-186.

_65_



Available online at www.sciencedirect.com

SCIENCE @DIHICTO

Biochemical and Biophysical Research Communications 322 (2004} 1066-1072

BBRC

www elsevier.com/flocatef/ybbre

Prostanoid EP4 receptor is involved in suppression of 3T3-L1
adipocyte differentiation

Hiroaki Tsuboi?®, Yukihiko Sugimoto®, Takayuki Kainoh?, Atsushi Ichikawa®®*

* Department of Physiological Chemistry. Kyoto University Graduate School of Pharmaceutical Sciences, Sakyo-ku, Kyoto 606-8501, Japan
® School of Pharmaceutical Sciences, Mukogawa Women's University, Koshien, Nishinomiya, Hyogo 663-8179, Japan

Received 17 June 2004

Abstract

Prostaglandins (PGs) have been shown to play various roles in adipogenesis. In this study, we investigated on which PGE recep-
tor subtypes are involved in the inhibition of 3T3-L1 preadipocyte differentiation. The triglyceride content of cells, used as an index
of differentiation, was decreased when PGE,, the FP-agonist fluprostenol or dibutyryl ;cAMP, was exogenously added to differen-
tiation cocktails. 3T3-L1 preadipocyte cells express mRNAs for the prostanoid EP4, FP, and 1P receptors. PGE; and the EP4 ago-
nist AE1-329 increased cAMP levels in preadipocytes in a dose-dependent manner. AE1-329 suppressed the expression induction of
differentiation marker genes such as resistin and peroxisome proliferator-activated receptor-v. The inhibitory effect of PGE; but not
that of fluprostenol was reversed by the addition of the EP4 antagonist AE3-208. AE3-208 mimicked the differentiation-promoting
effects of indomethacin. These results suggest that the EP4 receptor mediates the suppressive action of PGE, in 3T3-L1 adipocyte

differentiation.
© 2004 Published by Elsevier Inc.

Keywords: Prostanoid; Receptor subtypes; Adipogenesis; Fat cell; Aspirin-like drugs

Adipogenesis is a crucial aspect in controlling body
fat mass [1,2]. Acquisition of the mature adipocyte phe-
notype is a highly regulated process in which preadipo-
cytes undergo differentiation, resulting in both an
increase in size and number of mature adipocytes in adi-
pose tissue. It has been shown that cyclooxygenase
(COX) products such as prostaglandin (PG) E; and
PGF,, inhibit adipocyte development [3,4]. A recent
study suggested that COX-2 might be involved in body
fat regulation [5]. Mice heterozygous for the COX-2
gene showed approximately 30% increased body weight,
with 2 to 3-fold larger fat pads compared with those of
wild-type animals. PGE; production in adipose tissue
from COX-2 null mice was only 20% of that of wild-type
mice. These results suggested that COX-2 as well as
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PGE; participates in the negative regulation of adipo-
cyte differentiation.

PGs exert a wide range of actions through their bind-
ing to plasma membrane receptors [6,7]. PGF,, exerts its
actions via a specific interaction with the type F prosta-
noid receptor FP which activates phospholipase C,
resulting in phosphatidylinositol breakdown [8]. In con-
trast, PGE, exerts its actions through its interaction
with four PGE, receptor subtypes (EP; EPl, EP2,
EP3, and EP4). The EP subtypes differ in their signal
transduction pathways; EP1 is coupled to the mobiliza-
tion of intraceliular [Ca®*], EP2, and EP4 are coupled to
the stimulation of adenylyl cyclase, and EP3 is mainly
coupled to inhibition of adenylyl cyclase. The diverse ac-
tions of PGE; can be explained by the existence of these
multiple EP subtypes with different signal transduction
pathways [9,10]. Due to the lack of subtype-specific
agonists and antagonists, the involvement of each EP
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subtype in a specific PGE; action including suppression
of adipocyte differentiation has not been well estab-
lished. The current study was undertaken to determine
which EP subtype participates in the negative regulation
of adipocyte differentiation. 3T3-L1 cells were used as a
model system and a pharmacological approach using a
highly selective EP agonist and antagonist was em-
ployed to determine the relative contributions of the
EP receptor subtypes.

Materials and methods

Reagents. Dibutyryl cAMP, dexamethasone, and indomethacin
were purchased from Sigma (St. Louis, MO). The '*I-labeled cyclic
AMP assay system was purchased from Amersham Biotech (Piscata-
way, NI} PGE; was purchased from Funakoshi (Tokyo, Japan), and
fluprostencl was from Cayman Chemical {Ann Arbor, MI}. DI-004 (an
EP1] agonist), AE1-2359 (an EP2 agonist), AE1-329 (an EP4 agonist),
and AE3-208 (an EP4 antagonist} were generous gifts from ONO
Pharmaceuticals (Osaka, Japan) [11-13]. Oligonucleotides were from
Invitrogen (Carlsbad, CA). All other chemicals were commercial
products of reagent grade,

Cell culture, differentiation, and measurement of triglyceride content.
3T3-L1 preadipocytes were grown to confluency in Dulbecco’s modi-
fied Eagle’s medium {DMEM) supplemented with 10% fetal bovine
serum (FBS) and 4 mM glutamine. Differentiation was initiated by
culturing the cells in differentiation medium which contained 10% FBS,
4mM glutamine, 0.5 mM isobutylmethylxanthine (IBMX), 0.25 pM
dexamethasone, and 5 pg/mi insulin. After two days, the culture
medium was changed to adipocyte growth medium containing 10%
FBS, 4 mM glutamine, and 5 pg/m] insulin and exchanged every two
days for an additional six days. Reagents such as PG agonists and the
PG antagonist were added to both the differentiation medium and
adipocyte growth medium as required. For measurements of triglyc-
eride content, cells grown in six-well plates were harvested in 1 ml of 2-
propanol, sonicated, and triglyceride levels in the cell lysate were
measured using Trigiyceride G Test Kit (Wako, Tokyo, Japan). For
Oil Red O staining, cells were washed in PBS, fixed in 3.7% formal-
dehyde for 10 min, and followed by staining with Oil Red O for 1 h.
Qil Red O was prepared by diluting a stock solution (0.5 g of Gil Red
O (Sigma) in 100ml of 2-propanol) with water (6:4) followed by
filtration.

cAMP formation assay. cAMP levels in 3T3-L1 cells on day 0 and
day 2 of the differentiation program were determined as reported
previously [14]. Cells cultured in 24-well plates (1 x 10% cellshwell) were
washed twice with 0.5 ml Krebs—Hepes buffer (pH 7.4) with 10 uM
indomethacin, and preincubated in this solution for 10 min. Reactions
were started by the addition of test reagents along with 100 pM Ro-10-
1724 and 10 uM indomethacin. After incubation for 10 min at 37 °C,
reactions were terminated by the addition of 10% trichloroacetic acid.
The cAMP content of the cells was then measured using a cAMP
radioimmunoassay kit.

[PH}PGE; binding assap. 3T3-L1 preadipocytes grown to conflu-
ency were homogenized with a Potter-Elvehjem homogenizer in
10 mM Mes/NaOH, pH 6.0, containing 10 mM MgCl, | mM EDTA,
20 yM indomethacin, and 0.1 mM phenylmethylsulfonyl fluoride.
After centrifugation of the homogenate at 250,000z for 10 min, the
pellet was washed and suspended in the same buffer. The membrane
fraction (200 pg) was incubated with 4 nM PPHIPGE; at 30 °C for 1 h,
and [*H]PGE; bound to the membrane fraction was determined by
adding a 1000-fold excess of uniabeled PGE; to the incubation mix-
ture. Specific binding was calculated by subtracting the non-specific
binding from the total binding.

RNA isolation and semi-quantitative RT-PCR. Total cellular RNA
was isolated from 2 x 10° 3T3-L1 cells on the indicated day of the
differentiation program by the acid guanidinium thiocyanate—phenol-
chloroform method [15]. Cells collected just before being cultured in
fresh differentiation cockuail were collected as the sample at time O h.
To examine the differentiation-dependent gene expression of peroxi-
some proliferator-activated receptor-y (PPARY) and resistin, semi-
quantitative reverse transcription PCR (RT-PCR)} was performed.
Complementary DNA was synthesized from total RNA (10 pg) using
Moloney murine lcukemia virus reverse tramscriptase (Invitrogen,
Carlsbad, CA). PCR was performed using a GeneAmp 9700 (Perkin-
Elmer Applied Biosystems, Foster City, CA). Primers and PCR
conditions used in the PCR for EP1, EP2, EP3, EP4, IP, and FP genes
have been described previously [16]. Primers used for PPARYy, resistin,
and P-actin were as follows: PPARy, 5'-ttcccageatticigeiceacactatga
ag-3’ (sense), 5'-cggeagitaagateacacctatcataaata-3' (antisense), resistin,
S'-aatpcaataaagaacattgge-3’  (sense), 5'-aggtpectptagapaccpgag-3’
(antisense); and B-actin, 5'-accaactpggacgacatggagaagatetpg-3' (sense),
5'-ccggecagecaggtecagacgeaggatgge-3' (antisense). All PCRs were
confirmed to be in the logarithmic phase by monitoring the products
obtained at the indicated number 2 cycles. PCR products were
electrophoresed on a 1.5% agarose gel and stained with ethidium
bromide, The RT-PCR experiments were independently repeated three
times.

Results

Effects of fluprostenol, PGE;, and dibutyryl cAMP on
adipocyte differentiation

3T3-L1 preadipocyte cells were primed with insulin,
dexamethasone, and IBMX for two days followed by
treatment with insulin for an additional six days. Their
differentiation into adipocytes was monitored by Oil
Red O staining, and furthermore their triglyceride
{TG) content was measured as an index of differentiation
(Figs. 1A and B). Indeed, the adipocytes contained
80.4 + 2.94 mg TG/plate (2.0 x 106 cells/plate), but the
3T3-L1 cells cultured in the absence of the differentiation
cocktail exhibited only 3.45 £ 0.15 mg TG/plate (data
not shown). As previously reported, when the differenti-
ation program was performed in the presence of 0.1 uM
of fluprostenol, an FP-agonist, the positive area stained
with Oil Red O was greatly reduced and the TG content
was reduced to approximately one-fifth of the control le-
vel (Figs. 1A and B). Similarly, PGE; (0.1 pM) as well as
the membrane-permeable cAMP, dibutyryl cAMP,
markedly reduced the Qil Red O-stained regions and
TG content in 3T3-L1 cells (Figs. 1A and B).

Expression of prostanoid EP4 receptors during adipocyte
differentiation

We next examined the mRNA expression of prosta-
noid receptors in 3T3-L1 cells during the differentiation
program (Fig. 2). As previously reported [17], the FP
and 1P mRNAs were expressed during the differentia-
tion period. In addition, among the PGE receptor
subtypes, significant expression of EP4 mRNA was de-
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Fig. 1. PGE, and dibutyryl ¢cAMP suppress 3T3-L1 preadipocyte
differentiation. 3T3-L1 cells grown to confluency {2 x 10° cells/plate)
were stimulated with a standard differentiation cocktail (none) or
differentiation cocktail supplemented with the FP-agonist fluprostenol
(0.1 uM), PGE, (0.1 pM) or dibutyryl cAMP (dbcAMP) (1 mM}. On
day 8, the cells were subjected to Oil Red O staining (A), or suspended
in 2-propanol, and their triglyceride content was determined as
described in Materials and methods (B). Values represent means
+SEM of three independent experiments. *P < 0.05 versus vehicle
{Student's ¢ test).

tected throughout the differentiation process. We failed
to detect a significant amount of EP2 and EP3 receptor
mRNA in these cells. Expression of EP1 mRNA was
undetectable in the untreated cells and in the cells on
day 2, but could be detected in cells on day 8. When
we performed the PHJPGE, binding assay with a crude
membrane fraction of undifferentiated 3T3-L1 preadipo-
cytes, we detected a specific binding with a value of
15.1 £ 1.6 fmol/mg protein, and this binding was inhib-
ited by more than 70% in the presence of an excess of
the EP4-specific agonist AE1-329, but not in the
presence of an excess of the EP2-specific agonist AE1-
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Fig. 2. RNA expression of prostanoid receptors during 3T3-L1
preadipocyte differentiation. 3T3-L1 cells grown to confluency
(2 % 10° cells/plate) were treated with a standard differentiation cock-
tail as described in Materials and methods. Total RNA was extracted
from untreated cells (day 0), cells on day 2 (day 2) or cells on day 8
{day 8) of the differentiation program. Total RNA was subjected to
RT-PCR analysis. Mouse lung RINA was used as a positive control for
EP2, EP4, IP, and P-actin, and mouse kidney RNA was used for EPI,
EP3, and FP (Ctrl). The experiments were independently repeated
three times and similar results were obtained.

259. Based on these results, EP4 appears to be the EP
receptor predominantly expressed in 3T3-L1 preadipo-
cytes. We then performed the cAMP formation assay
in 3T3-L1 preadipocytes (Fig. 3). PGE,, but not flupros-
tenol, significantly increased cAMP formation in these
cells in a dose dependent manner. This effect of PGE,
was mimicked by AE1-329, but not by AE1-259. These
results indicate that 3T3-L1 preadipocytes express func-
tional EP4 receptors coupled to the stimulation of
cAMP production.

Effects of an EP4 agonist on gene expression of resistin
and PPARy during adipocyte differentiation

When we investigated the effects of EP-selective agon-
ists on adipocyte differentiation, AE1-329 mimicked the
inhibitory effect of PGE,, but DI-004, an EPI agonist,
failed. These results indicated that PGE; inhibits adipo-
cyte differentiation by acting on EP4 receptor (Fig. 4A).
We then examined the effects of an EP4 agonist on dif-
ferentiation-dependent gene expression of resistin and
PPARY in 3T3-L1 cells (Fig. 4B). The mRNA for resi-
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Fig. 3. Effects of PG agonists on cAMP accumulation in 3T3-LI
preadipocytes. 3T3-L1 preadipocytes (1 x 10° cellsiwell) were stimu-
lated with the indicated concentrations of PGE,, an EP4 agonist
(AE1-329), an EP2 agonist (AE1-259), and fluprostenotl for 10 min at
37°C. ¢cAMP formed was measured by radicimmunoassay. Values
represent means + SEM of three independent experiments. *P < 0.05
versus the basal cAMP level (Student’s ¢ test).
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Fig. 4. Effects of an EP4 agonist on adipocyte differentiation in 3T3-
L1 cells. 3T3-L1 cells grown to confluency (2 x 10° cells/plate) were
stimulated with a standard differentiation cocktail (none) or differen-
tiation cocktail supplemented with PGE;, DI1-004 or AE1-329 (0.1 uM
for each reagent). On day 8, the cells were subjected to Oil Red O
staining (A). Alernatively, 3T3-L1 cells were stimulated with a
standard differentiation cocktail in the presence or abscnce of AE]-
329 (0.1 pM). Total RNA was isolated on the indicated day of the
differentiation program, and subjected to semi-quantitative RT-PCR
analysis as described in Materials and methods (B). The resistin and
PPARY mRNA levels were normalized to the fFactin mRNA levels
and the data are represented as the fold of the value on day 0. Values
represent means £ SEM of three independent experiments. *P < 0.05
versus none (Student's # test).

stin, a hormone linking obesity to diabetes in rodents
[18], was only weakly expressed in preadipocytes, but
was drastically induced during the first three days of dif-
ferentiation and its expression remained greater than 10-
fold of the basal level until day 8. AE1-329 (0.1 pM)
completely inhibited this increase in expression levels,
resulting in an almost unchanged level of expression
throughout the differentiation period. The mRNA for
PPARY, a transcription factor playing a central role in
differentiation [19-21}, was induced by 2-fold on the sec-
ond day, and was subsequently maintained at high levels
of greater than 2.5-fold of the basal expression. AE1-
329 completely inhibited the increase observed on day
2, and suppressed the expression of PPARY mRNA to
within 1.5-fold of the basal level throughout the differen-
tiation period. Such inhibition of resistin and PPARYy
gene expression by AE1-329 was reproduced by PGE,,
but not by AE1-259 (data not shown). These results
suggest that EP4 is the receptor responsible for the sup-
pressive effects of PGE; on adipogenesis.

PGE,-elicted but not FP-agonist-elicited inhibition of
differentiation is mediated via EP4 receptor activation

It has been reported that FP receptor coupling to
intracellular Ca?* mobilization is also involved in the
inhibition of adipocyte differentiation [22,23]. To exam-
ine the possible involvement of EP4 receptor signaling
in the inhibition of adipocyte differentiation and to
discriminate it from FP-mediated inhibition, we inves-
tigated the effects of an EP4 antagonist on PGE,-
or fluprostenol-elicited inhibition of differentiation
(Fig. 5). PGE, dose-dependently decreased cellular TG
accumulation with an ECsy value of 107¥M in the
absence of an EP4 antagonist. The EP4 antagonist
AE3-208 decreased this inhibition and shifted the dose-
dependent curve rightward by two orders. In contrast,
fluprostenol also showed an inhibitory effect on differen-
tiation in our system, but this inhibition was insensitive to
AE3-208 treatment. These results suggest that PGE-
exhibits an inhibitory effect on differentiation via EP4
receptor activation, which is unrelated to FP receptor
stimulation.

An EP4 antagonist promotes adipocyte differentiation

Endogenous prostanoids have been suggested to be
involved in the inhibition of adipocyte differentiation,
since COX inhibitors such as indomethacin display
enhancing effects on differentiation [24,25). We therefore
investigated whether ihe differentiation-promoting ef-
fects of indomethacin (10 uM) are mimicked by an
EP4 antagonist (AE3-208, 1 yM). As reported previ-
ously, indomethacin significantly promoted the differen-
tiation of adipocytes as revealed by the increased TG
content (Fig. 6). AE3-208 also showed an enhancing
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Fig. 5. Eflects of an EP4 antagonist on PGE;- or fluprostenol-elicited
inhibition of 3T3-L1 preadipocyte differentiation. 3T3-L1 cells grown
to confluency (2 x 10°cells/plate) were stimulated with a standard
differentiation cocktail supplemented with the indicated concentrations
of PGE; or fluprostenol in the presence (AE3-208) or absence of 1 pM
AE3-208 (none). On day 8 of the differentiation program, cells were
suspended in 2-propanol, and their triglyceride contents were deter-
mined as described in Materizls and methods, Values represent
means * SEM of three independent experiments. *P <0.05 versus
none (Student’s 7 test).

effect on differentiation. These results suggest that
endogenously synthesized PGE, has a suppressive role
in 3T3-L1 differentiation by acting on the EP4 receptor.

Discussion

PGs have long been thought to contribute to fat cell
deveiopment, but the role of PGs in the regulation of
adipocyte differentiation is complex and has remained
unclear [4]. One of the reasons for its complexity is that
different classes of PGs exert opposing effects on differ-
entiation. For instance, both PGI, and PGE,, the two
PGs predominantly synthesized by fat cells, appear to
have opposing effects on early adipogenesis; PGI, pro-
motes adipocyte differentiation [26,27], whereas PGE;
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Fig. 6. Effects of indomethacin and an EP4 antagonist on 3T3-L1
preadipocyte  differentiation. 3T3-L1 cells grown to confluency
(2 x 10° cells/plate) were stimulated with a standard differentiation
cocktail {none) or differentiation cocktail supplemented with indo-
methacin (10 pM) or AE3-208 (1 pM}). On day 8 of the differentiation
program, cells were suspended in 2-propanol, and their triglyceride
contents were determined as described in Materials and methods.
Values represent means * SEM of three independent experiments.
* P < 0.05 versus none (Student’s ¢ test).

inhibits differentiation. PGI; exerts its action by acting
on the prostanoid IP receptor, while PGE; exhibits its
versatile actions through its binding to four kinds of
EP receptor subtypes with quite different signaling path-
ways. We hypothesized that the complex role of PGs in
adipogenesis may be explained by the expression of mul-
tiple EP receptor subtypes in preadipocytes. Indeed,
Borglum et al. {17] previously reported the existence of
mRNAs for several kinds of PG receptors and EP recep-
tor subtypes in Ob1771 preadipocytes. However, which
PGE receptor(s) are functionally involved in the regula-
tion of adipocyte differentiation remained poorly under-
stood. In this study, we focused on identifying the
receptor subtype(s) involved in the inhibition of adipo-
cyte differentiation by PGE;, and demonstrated that
EP4 is the receptor responsible for this inhibition. The
EP4 receptor is coupled to stimulation of adenylyl cy-
clase. Indeed, we demonstrated that an EP4 agonist as
well as PGE; elicits an increase in intracellular cAMP
levels in 3T3-L1 preadipocytes. We also showed that
the cAMP analogue dibutyryl cAMP inhibits adipocyte
differentiation as reported previously [24,28]. These re-
sults suggest that EP4 inhibits adipocyte differentiation
in a cAMP-dependent manner.

It has been reported that exogenously added arachi-
donic acid inhibits 3T3-L1 differentiation [29]. When cells
were treated with COX inhibitors, the inhibition of
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differentiation was reversed, indicating that a COX-de-
rived PG is necessary for arachidonic acid to inhibit dif-
ferentiation. Both PGE; and PGF», are able to substitute
for arachidonic acid when added to the differentiation
cocktail [24]. Casimir et al. [22,23] demonstrated that
PGF>, as well as an FP-agonist inhibits differentiation
more effectively than PGE,, and thus they proposed that
PGF», is the main PG involved in the inhibition of differ-
entiation and that PGE, may only exert its inhibitory ac-
tion by cross-reacting to the FP receptor. However, the
current study demonstrated that the effect of PGE, but
not that of PGF., is reversed by an EP4 antagonist.
These results suggest that inhibition of adipocyte differ-
entiation by PGE, is mediated by the EP4 receptor and
is distinct from PGF,, inhibition. Because arachidonic
acid is converted more efficiently into PGE; than PGF;,
in 3T3-L1 cells [30], and because suppression by arachi-
donic acid is reversed by an inhibitor for protein kinase
A [28], the inhibitory effect of arachidonic acid may be
mediated through the PGE,-EP4 pathway.

One of the interesting findings in this study is differen-
tiation-dependent induction of EP1 gene expression. It
was reported that the EPI mRNA is expressed in mature
adipocytes isolated from mouse adipose tissue [17].
Since EP1 has been shown to couple with phospholipase
C and intracellular Ca®* mobilization, EP1 might also
inhibit differentiation as FP receptor does. However,
an EPl-agonist failed to elicit significant inhibitory ef-
fects on adipocyte differentiation. Differentiation-depen-
dent gene expression suggested that EPl may be
involved in some function of mature adipocytes. Indeed,
it was reported that PGE, increases the calcium concen-
tration and oxygen consumption in rat brown adipose
tissue [31]. PGE; may stimulate metabolism of brown
adipose tissue via EP1 receptor.

The current study demonstrated that the differentia-
tion-enhancing effects of indomethacin can be mimicked
by an EP4 antagonist. This result indicates that EP4
negatively regulates the standard differentiation process
of 3T3-L1 cells. Yan et al. [32] reported that both a
COX-1- and COX-2-inhibitor enhances differentiation
of 3T3-L1 cells, indicating that both COX isozymes par-
ticipate in the negative regulation of adipogenesis. Inter-
estingly, Yan et al. also demonstrated that COX-2
inhibitors, but not 2 COX-1 inhibitor, reversed TNF-
a-induced inhibition of differentiation. A similar modu-
lating effect of COX-2 has been shown in adiponectin
signaling [33]. Involvement of the EP4 signaling path-
way in these systems is an interesting issue to examine
in the future.
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Nakamura, Eiji, Takashi Kataoka, Kazuharu Furotani,
Keisuke Jimbo, Takeshi Aihara, Satoshi Tanaka, Atsushi
Ichikawa, Hiroshi Ohtsu, and Susumu Okabe. Lack of histamine
alters gastric mucosal morphology: comparison of histidine decarbox-
ylase-deficient and mast cell-deficient mice. Am J Physiol Gastroin-
test Liver Physied 287: G1053-G1061, 2004. First published July 22,
2004; doi:10.1152/ajpgi.00353.2003, —Histamine plays an important
role in the regulation of gastric acid secretion; however, its role in
maintenance of gastric morphology remains unclear. To clarify the
necessity of histamine for gastric mucosal development and mainte-
nance, we evaluated two different kinds of mice that Jacked either
mast cells {one of the gastric histamine-producing cell types) or
histidine decarboxylase (HDC. a histamine-synthesizing enzyme).
Measurements of stormach wetght, intragastric pH, mucosal histamine
levels, as well as serum gastrin and albumin levels were performed in
mice. Gastric mucosal appearance was examined by immunohisto-
chemical techniques. Although gastric mucosal histamine levels in
mast cell-deficient mice were half of those observed in the wild-type
mice, intragastric pH, serum gastrin levels, and gastric morphology at
12 mo were unchanged compared with the wild-type mice. In contrast,
HDC-deficient mice possessed no detectable gastric histamine, but did
exhibit hypergastrinemia, as well as marked increases in intragastric
pH and stoemach weight compared with the wild-type mice. Histolog-
ical analysis revealed that 9-mo-old HDC-deficient mice demon-
strated hyperplasia in the oxyntic glandular base region, as well as
increased numbers of parietal and enterochromaffin-like cells. These
results indicate that enterochromaffin-like cell-derived histamine is
potentially involved in gastric mucosal morphology regulation.

enterochromaffin-like cell; parietal celi; hypergastrinemia

GASTRIC MUCOSA CONSISTS OF numerous blind tubular units con-
taining various cell types (28). All gastric mucosal epithelial
cells are known to originate from common progenitor cells in
the proliferative zone of the isthmus. Some cells migrate
upward, becoming mucous-secreting surface epithelial cells,
whereas other cells migrate toward the base of the gland,
differentiating into parietal, chief, or endocrine cells (18).
Maintenance of gastric mucosal integrity and structure is reg-
ulated by a variety of endocrine- and paracrine-mediating
factors.

Histamine is synthesized from histidine by histidine decar-
boxylase (HDC) and is stored in mast cells, enterochromaffin-
like (ECL) cells, and enteric nerve fibers in the oxyntic mucosa
of rodent stomachs (25, 46). It is well established that hista-

mine plays a pivotal role in gastric acid secretion (1, 47);
however, its role in the regulation of gastric mucosal prolifer-
ation and differentiation essentially remains uncharacterized.
To clarify such a role, previous reports (16, 39, 40) have used
pharmacological inhibitors of histamine pathways, such as
histamine receptor (H;R, H;R, and HiR) antagonists and
a-fluoromethylhistidine (a-FMH), an irreversible inhibitor of
HDC (4. 5, 10). Nonetheless, incomplete elimination of hista-
mine action by these inhibitors could potentially confuse anal-
ysis of the exact role of histamine for regulation of gastric
mucosal morphology.

Recently, HDC-deficient (HDC-KO) mice have been gener-
ated by gene-targeting methods (45, 52). As expected, these
mice exhibited no de novo gastric mucosal histamine synthesis
(52). Using 8- to 12-wk-old HDC-KO mice, we reported that
gastric mucosal morphology was similar to the wild-type (WT)
mice (52), although HDC-KO mice showed hypoacidity and
hypergastrinemia (24, 52). In this study, we examined the role
of histamine in the regulation of gastric mucosal morphology
in HDC-KOQ mice longer term, from 1 to 9 mo. In addition, the
present study characterized the specific role of ECL cell-
derived histamine by comparing the difference between
HDC-KO mice and mast cell-deficient mice.

MATERIALS AND METHODS

Animals. Six-week-old male mast cell-deficient WBB6F,-W/WY
(W/W) and congenic normal WBB6F-+/+ (+/+) mice were pur-
chased (Japan SLC, Shizuoka, fapan). The two mice strains were
independenily maintained umil an age of 3 or 12 mo. Male HDC-KO
as well as the WT littermate mice were generated on a mixed genetic
129/Sv times ICR background, and raised with regular diet, and
independently maintained until an age of 1, 3, 6, or 9 mo (24, 45, 52).
All of the mice were given standard pellets (CE-2; CLEA, Tekyo,
Japan). Mice were deprived of food for 21 h and water for 2 h before
each experiment. Plasma and tissue samples from pairs of age-
matched WT and mutant mice were compared. Animal maintenance
and experimental procedures were carried out in accordance with the
guidelines of the Ethics Committee of Kyoto Pharmaceutical Univer-
sity.

Measurement of serum pastrin and albumin levels, as well as
intragastric pH. Blood collected from mice was centrifuged at 6,000
& for 15 min to obtain serum samples. Serum gastrin levels were
determined by a radioimmunoassay (Mitsubishi Kagaku Bio-Clinical
Laboratories, Tokye, Japan) and expressed as picograms of gastrin per
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milliliter of serum. Serum albumin levels were determined by a
bromcresol green assay (6, 21) and expressed as grams of albumin per
deciliter of serum. Stomachs removed from mice were incised along
the greater curvature, and intragastric pH was measured by directly
placing a pH meter on the fundic mucosa.

Determination of gustric smucosal histamine levels. Each sample for
histamine gquantification was collected according to a previously
reporied method (29). In brief, each stomach was rinsed with PBS
containing 107% M semicarbazide hydrochloride, weighed, and ho-
mogenized in 0.01 M PBS. The homogenates were diluted 1:10 with
phosphate buffer and heated in boiling water for 10 min to release
bound histamine. The homogenates were then centrifuged at 3,300 g
for 20 min, and the resulting supematants were vsed for measure-
ments. Quantification of sample histamine levels was performed with
a hislamine enzyme immunoassay kit (lmmunotech, Marseilles,
France).

Measurement of gastric mucosal protein and DNA levels. To
measure gastric mucosal protein levels, the entire glandular stomach
of cach mouse was homogenized with | ml of 10 mM sodium
phosphate buffer (pH 7.5) containing 1 mM NaCl, 1% Triton X-100,
0.1% SDS, 0.5% deoxycholate, 0.1% aprotinin, 10 pgfml leupeptin,
and ) mM PMSF. The homogenates were centrifuged at 10,000 g for
30 min at 4°C. The protein levels for each supernatant were measured
with a protein quantification kit (Bio-Rad, Hercules, CA) and ex-
pressed as milligrams of protein per stomach. To quantify DNA
levels, high molecular weight DNA was first isolated by digestion of
the stomach with proteinase K, followed by phenol-chloroform ex-
traction. The concentration of DNA solubilized in water was then
quantified from the absorbance at 260 nm and the DNA levels in
gastric mucosa was calculated and expressed as micrograms of DNA
per stomach, The ratios of the protein levels or the DNA levels
between HDC-KO and WT mice (KO/WT ratio} were calculated and
compared each ratio 1o evaluate whether it is hyperplasia (increased
DNA levels) or hypertrophy (increased cell volume, but not DNA
levels).

Treatment. To evaluate the role played by hypergastrinemia in
gastric oxyntic mucosal hyperplasia induced in HDC-KO mice, (R)-
1-[2.3-dihydro-1-(2°-methylphenacyl)-2-oxo0-5-phenyl-1H-1,4-benzo-
diazepin-3-y1}-3-(3-methylphenyl) (YMO022) urea from Yamanouchi
Pharmacewtical (Tokyo, Japan) (31, 41) was administered orally for 2
mo to 1-mo-old HDC-KO mice. YM022 represents a selective cho-
lecystokinin type 2 receptor (CCK:R) antagonist; a dose of 30
mg-kg~ ! day~! was used, because this dose inhibited gastrin-17-
stimulated gastric acid secretion in mice by >>80% in our preliminary
experiments. Omeprazole was administered orally at a dose of 30
mg-kg~'-day~’ for 2 mo to I-mo-old WT mice to induce hypergas-
trinemia and allow comparison with HDC-KO mice in terms of
hyperptasia. Both drugs were suspended in 0.5% hydroxypropyicel-
lurose solution and were administered once daily at a volume of §
mi’kg body wt.

Histochemicual analysis. For hematoxylin and eosin staining, as
well as immunonhistochemical analysis, of the gastric mucosa, the
stomach samples were fixed with Camoy’s fixative overnight, embed-
ded in paraffin wax, and then sectioned at a slice thickness of 4 pm.
Paraffin sections stained with hematoxylin and eosin or periodic acid
Schiff were used for determnination of gastric mucosal thickness,
Under a microscope, well-orientated regions spanning from the gasiric
base to the oxyntic mucosal surface were selected for measurement.
The mucosal thickness was taken as the average of measurements in
four different visual fields for each stomach with the use of 2
calibrated-eyepiece micrometer scale. Immunohistochemical analysis
of parietal and endocrine cells was performed for each section with
the use of the following avidin-biotin-peroxidase immunchistochem-
ical technique. Parietal, D, and endocrine cells were detected with a
murine menoclonal antibody for a-subunit of murine H*-K*-ATPase
{Medical and Biological Laboratories, Nagoya, Japan), a rabbit anti-
body for somatostatin (DAKO, Carpinteria, CA), and a rabbit anti-

GASTRIC MUCOSAL HYPERFPLASIA IN HDC-DEFICIENT MICE

body for a peptide (359-389 amino acid) of rat chromogranin A (Cg
A; Yanaihara Institute, Fujinomiya, Japan), respectively. In brief,
endogenous peroxidase activity was blocked with a methanol solution
containing 0.3% hydrogen peroxide. Sections were incubated with
primary antibody for o subunit of H*-K™-ATPase or Cg A for 2 h al
room temperature. Sections were then incubated with secondary
biotinylated antibodies, followed by streptoavidin peroxidase. Finally,
slides were developed with diaminobenzidine and counterstained with
hematoxylin. Parieta] and endocrine cell counts were quantified in
samples in which mucosal glands were perpendicularly oriented to the
mucosal surface. Cell counts for parietal cells positively immunore-
active for H*-K*-ATPase were determined in four different gland
units for each stomach; results were expressed as the number of cells
per gland unit. Cell counts for endocrine celis positively immunere-
active for Cg A or D cells positively reactive for somatostatin were
determined in four differemt visual fields for each stomach; results
were expressed as the average number of celis per visual field {0.25
mm?). An average for each group of animals was also calculated.

Staristics. Data are expressed as means * SE. Statistical differ-
ences were evalvated by using the Student’s r-test and Dunnett’s
multiple comparison test, with a P value < 0.05 regarded as signifi-
cant, Dunnet's test was performed after a significant ANOVA had
been achieved.

RESULTS

Mast cell deficiency exerted no effect on gastric morphology.
Deletion of mast cells (W/W*) caused a significant decrease in
gastric mucosal histamine levels by ~50% compared with
+/+ mice (Fig. 14). However, the reduction in histamine
levels did not affect intragastric pH (Fig. 1 B) or serum gastrin
levels (Fig. 1C), which were found to be similar for both +/+
and W/W" mice. In addition, histological analysis revealed that
W/W" mice failed 1o exhibit any morphological alterations in
the gastric oxyntic mucosa, even 3 and 12 mo after birth (Fig.
¥, D-G). Ulcer was observed only in the gastric antrum of
W/W" mice (data not shown}, corresponding with the previous
report by Shimada et al. (49).

Long-term histamine deficiency resulted in gastric mucosal
hyperplasia, hypochlorydria, and hypergastrinemia in HDC-KO
mice. HDC-KO mice developed without any obvious abnor-
mality in general appearance, exhibiting body weight gain
similar to WT mice for =9 mo after binh. As expected,
HDC-KO mice possessed undetectable histamine in the stom-
ach (Fig. 24). It was of interest that intragastric pH in
HDC-KO mice was significantly higher than that measured in
WT mice at all time points examined (1, 3, 6, and 9 mo after
birth; Fig. 2B). In addition, HDC-KO mice exhibited a marked
age-dependent gastric weight gain compared with WT mice,
which was first obvious 3 mo after birth (Fig. 2(). Morcover,
HDC-KO mice serum gastrin levels remained markedly ele-
vated at all time points examined (Fig. 2D). Serum albumin
levels were similar for WT and HDC-KO mice 6 and 9 mo
after birth {Fig. 2E). No correlation was observed between
body weight and stomach weight in either the WT or HDC-KO
mice.

To thoroughly ascertain the increased stomach weight ob-
served in HDC-KO mice, gastric mucosal protein and DNA
levels were compared for 6-mo-old WT and HDC-KO mice.
Protein levels in HDC-KQ mice were significantly higher than
those of WT mice (17.47 * 1.89 mg/stomach vs. 11.80 = 0.74
mg/fstomach; KO/WT, 1.48). DNA levels in HDC-KO mice
were approximately two times higher than those of WT mice

AJP-Gastrointest Liver Physiol » VOL 287 « DECEMBER 264 « WWw.aj pgi.org
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Fig. 1. Histamine levels (A), intragastric pH (5), and serum gastrin Jevels (C)
in 3-mo-old wild-type {WT; +/+) and mast cell-deficient (W/WY) mice, Values
are means = SE. » = 5-8. *Significant differences from WT mice with P <
0.05. D-G: histological comparison of gastric oxyntic mucosa in 3 (D and E)-
and 1Z-mo-old (F and G) +/+ (D und F) und W/W~ (E and G) mice.
Paraffin-embedded sections were prepared with hematoxylin and eosin stain-
ing (bur = 100 pm).

(982.) = 172.7 vs, 490.7 * 49,9 pgfstomach; KO/WT, 2.00).
These data indicate that the increase in HDC-KO mice stomach
weight resulted from an increased number of gastric mucosal
cells (hyperplasia), rather than an expanded cellular volume
{hypertrophy}.

Increased number of parietal and endocrine cells in
HDC-KO mice. To identify the predominant cell types present
in the hyperplastic mucosa of HDC-KQ mice, histochemical
analysis was performed. Six months after the birth of HDC-KQ
mice, their stomachs demonstrated a statistically significant
increase in gastric mucosal thickness compared with WT mice.
Interestingly, periodic acid Schiff staining revealed that the

G1055

change in mucosal thickness was most prominent in the gian-
dular basal region (WT, 389.0 £ 112 pm vs. HDC-KQ,
570.0 = 29.4 pm; Fig. 3, A-C, filled column). In contrast, no
remarkable differences were observed in the pit region (WT,
74.8 * 6.2 vs. HDC-KO, 74.5 * 3.9 pm; Fig. 3, A-C, open
column).

Time-course analysis revealed that gastric mucosal thickness
in HDC-KO mice significantly increased after 1 mo compared
with that of WT mice (Figs. 44; 5, A and B; and 6, A and B),
correlating with the increase in stomach weight (Fig. 2C). The
hyperplastic changes were observed in the oxyntic mucosa but
not in the antrum (Fig. 6, A and B). In addition, immunohis-
tochemical analysis revealed that, in the oxyntic mucosa of
HDC-KO mice, there were marked increases in the density of
Cg A-positive endocrine cells (Figs. 48; 5, C and D; and 6) and
H™*-K*.ATPas¢ a-subunit-positive parietal cells (Figs. 4C and
5. E and F), compared with WT mice in a time-dependent
manner. Cg A-positive endocrine cells in WT mice mainly
distributed in the glandular basal region of the oxyntic mucosa
(Fig. 6A). In contrast, in HDC-KO mice, distribution of the
positive cells extended throughout the thickened mucosa (Fig.
6B). Imerestingly, the size of parietal cells in HDC-KO mice
was clearly smaller than that observed in WT mice, although
no change in the size of the nucleus was noted (Fig. 5, G and
H). In contrast, the density of somatostatin-positive D cell in
gastric oxyntic mucosa was similar for HDC-KO and WT mice
(data not shown). These results indicate that mucosal hyper-
plasia observed in HDC-KO mice resufted from increased
numbers of Cg A-positive ECL and parietal cells.

Contribution of hvpergastrinemia to gastric mucosal hyper-
plasia induced in HDC-KO mice. To examine the role played
by hypergastrinemia for the hyperplastic changes observed in
HDC-KO mice, pharmacological analysis was performed with
omeprazole and YMO022, Omeprazole treatment at a dose of 30
mg/kg once daily for 2 mo to }-mo-old WT mice resulted in
increases in serum gastrin levels (Fig. 7A), gastric mucosal
thickness (Fig. 78), and the number of Cg A-positive (Fig. 7C)
and parietal cells (Fig. 7D), compared with vehicle-treated WT
mice. In contrast, serum gastrin Jevels in vehicle-treated
HDC-KO mice increased to similar levels observed in ome-
prazole-treated WT mice (Fig. 7A). Nonetheless, it was inter-
esting to note that vehicle-treated HDC-KO mice exhibited
more significant increases in mucosal thickness (Fig. 7B) and
the number of Cg A-positive (Fig. 7C) and parietal cells (Fig.
7D) than omeprazole-treated WT mice. Treatment of HDC-KO
mice with YM022 recovered the histological parameters to the
levels in omeprazole-treated WT mice, but not to the levels in
vehicle-treated WT mice. It should also be noted that YM022
augmented the increase in serum gastrin levels induced in
HDC-KO mice.

DISCUSSION

The present study demonstrated that long-term histamine
deficiency =9 mo attained with HDC deletion led to gastric
mucoszl morphological alteration with time. As a matter of
fact, apparent oxyntic mucosal hyperplasia, i.e., increases in
parietal and Cg A-positive endocrine cell counts, was observed
in HDC-KO mice. Gastric mucosal thickening mainly resulted
from changes that developed in the glandular base region of the
gastric mucosa. In addition, gastric mucoesal cells in HDC-KO
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mice, especially parietal cells, were observed to be smaller in
size than the cells in WT mice. Some of the above observations
were consistent with the previous three different gene-targeted
mice studies including HDC-KO (27), gastrin-deficient (26),
and our H; receptor-deficient (H2R-KO) mice (29, 44). Huny-
ady et al. (27) reported a increase in the number of parietal
cells in HDC-KO mice >9 mo old. Both HaR-KO and gastrin-
deficient mice are reported to possess defects in ECL cell
function, i.e., histamine production (26, 29, 44). H,R-KO mice
impair the entry of histamine signal from ECL cells into the
parietal cells, and subsequently exhibited an increased stomach
weight, enlarged gastric folds with cystic dilatation, hyperpla-
sia of smaller-sized parietal and ECL cells, and hypergastrine-
mia {(44). These results indicate that histamine is not essentially
required for differentiation of progenitor stem cells to parietal,

] 9
Age (months)

ECL, or other endocrine cells but is required to maintain
norma) gastric mucosal architecture and population with aging.

It is of note that, in addition to the pathological changes
mentioned above, hypoalbuminernia was observed in H;R-KO
mice. This finding is considered the hallmark of Menetrier's
disease (7, 33, 55) and is thought to result from albumin loss
from cystic dilatation of the gastric mucosa (32, 48). Accord-
ingly, we postulated that abnormalities in HzR function lie at
the heart of the pathogenesis of the disease (44). We expected
similar pathological changes in HDC-KO mice, because we
assumed that a lack of histamine (HDC-KQ) might be similar
1o deletion of gastric mucosat H;R {HzR-KO). However, the
present study demonstrated that there was no difference in
serurn albumin levels for HDC-KO and WT mice. In addition,
gastric hyperplastic mucosa was much milder in HDC-KO
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