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Fis. 7. Effects of H140F mutation
on basal and sulprostone-induced
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cAMP-producing activity ir EP3 re-
ceptor isoforms with different C-
terminal tails. The H140F mutation was
introduced into three kinds of EP3 recep-
tor forms, EP38, EP3v, or T335. HEK293
cells were transfected with each EP3
¢DNA or the corresponding mutant recep-
tor cDNA. The cells (2 % 10° cellsfwell)
were treated with the indicated concen-
trations of sulprostone. The cAMP con-
tents were determined as described under
“Experimental Procedures.” The results
shown are the means * 8.E. of triplicate
determinations. *, p < 0.005 versus each
wild-type EP3 form; #, p < 0.005 versus
EP38-H140F; t, p < 0.005 versus
EP3y-H140F.
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acid residues at the position corresponding to Tyr'*? of mEP2
in G protein coupling has been pointed out in studies on several
kinds of rhodopsin-type receptors (26-29). This site is located
at the C-terminal end of a highly conserved i2 loop motif with
the following most common sequence; DRYXX(V or IIXXPL,
where X is any amino acid (2). The last residue in the consensus
sequence, Leu, is replaced with Phe or Met in some members of
G,-coupled receptors. According to the report by Moro et al.
27, Leu!®! in the human M1 muscarinic receptor, which is
equivalent to Tyr'*® of the mEP2 receptor, is critical for stim-
ulation of phosphatidylinositol turnover (G, coupling). More-
over, they showed that introduction of the equivalent point
mutation F139A into the B, adrenoreceptor caused a signifi-
cant loss in isoproterenocl-induced ¢cAMP accumulation (G, cou-
pling). Based on these findings, they concluded that the bulky
hydrophobic amino acid at this position is an important amino
acid that governs general coupling with any kind of G protein.
However, the current finding that conversion of His'*" into Phe
in the EP3 receptor failed to alter G; coupling (Fig. 6} may
suggest that EP3 does not require the particular amino acid at
this position for efficient G; coupling. Indeed, the importance of
the hydrophobic amino acid at the corresponding position has
not been reported for G;-coupled receptors. However, the His
residue is completely conserved in EP3 receptors derived from
various species and is quite unique to EP3 in the GPCR family
(Fig. 4). Interestingly, the His residue observed at the key
position of EP3 also has a positively charged imidazole strue-
ture, which is ineffective in G, coupling. This can also be
interpreted to signify that the His residue participates in the G;
selectivity of EP3 receptor by preventing efficient G; coupling.
In this respect, G;-coupled receptors contain a nonhydrophobic
amino acid at this position; the EDG2 and EDG3 receptors
have a basic amino acid, and chemokine receptors, CXCR4 and
CXCRS#, have a threonine residue (Fig. 4). The variety of amino
acids at this position in G;-coupled receptors may reflect a
variety in the way to exert their G, selectivity and the existence
of some other domains such as the C-terminal region of the i3
loop to be required for G; activation with high efficiency as
suggested for the M2 muscarinic receptor (30, 31)

The current study indicated that both EP2 and EP3 require
one of the following amino acid residues: Phe, Tyr, Trp, or Leu
at position 143 and 140, respectively, for efficient G, coupling.
However, the identity of the side chain moiety (Phe, Tyr, Trp,
or Leu) affected different parameters of G, coupling between
EP2 and EP3. In the EP2 receptor, the identity of aromatic
moiety seems to affect the EC;, values of cAMP production only
slightly, suggesting that G, coupling of the EP2 iz also gov-
erned by other domains such as the i3 loop, as suggested by
previous studies (32). In contrast, in the EP3 receptor, the
identity of the aromatic moiety affected the maximal cAMP
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response without great changes in ECg, values. Thus, it seems
that the G, activation efficiency by EP3 completely depends on
the side chain moiety at this position, indicating an absclutely
pivotal role of this amino acid in G, coupling of EP3. However,
we cannot entirely exclude the possibility that the amine acid
identity may alter the G; activation efficiency, which is usually
included in outcomes in a detection system for G, activity.
Previously, we reported that three C-terminal variants,
EP3a, EP38, and EP3y, and C-terminal truncated T335 differ
in their agonist-dependent G, activity (EP3y > T335 > EP3a >
EP38 = 0) (21). Since these variants are different only in
C-terminal sequence, we speculated that the C-terminal tail
may function as a key regulator of G, coupling of EP3 receptor;
B-tail prevents and -tail allows the interaction of G, with the
common structure of the EP3 receptor. However, the current
study demonstrated that “G -excitable” EP3y further acquired
drastic G, activity, and such gain of function by the H140F
mutation is reproduced in C-terminally truncated T335 (Fig.
7). Thus, the gain of G, activity is independent of C-terminal
structure. In our previous report, the G, activity elicited by
EP3y observed in CHO cells requires agonist concentrations of
more than 1078 u, and its maximal response is still not as high
as that observed for EP2 or EP4 receptors, and thus the activity
is considered to be less efficient. Indeed, the agonist-dependent
G, activity of wild-type EP3y was undetectable in the current
expression system. In contrast, the acquired G, activity in the
mutant receptor is comparable to EP2 and EP4 in terms of the
degree of maximal activity and agonist dose dependence and is
thought to be essentially different from intrinsic G, activity
appearing in EP3vy. However, the common EP3 structure that
allows intrinsic G, activity may serve as a premise factor for
point mutation resulting in gain of G, coupling with high effi-
ciency. Whether an introduction of a cluster of aromatic resi-
dues at the center of i2 loop enables other G;-coupled receptors
to gain G, coupling is an interesting issue to be examined. We
also previously reported that EP3 variants are different also in
their constitutive G, activity (T335 > EP3y > EP3a« > EP38 =
0) (18, 21). It is quite interesting that H140F mutants exhibited
basal G, activity with rank order of T335 > EP3y > EP33 = 0,
which is in good accordance with the potency order of consti-
tutive G; activity in EP3 variants. Moreover, it should be noted
that the agonist-dependent G, activity in the mutant T335
appeared less than that in the mutant EP3+y; the G; activity
elicited by T335 receptor has been shown to be completely
constitutive. These results suggested that the effects of i2 loop
mutation on G, coupling of EP3 is independent of C-terminal
structure, which is likely to govern the balance of constitutive
and agonist-induced G protein activation as observed in the G;
activity of the EP3 isoforms. Importantly, these results suggest
a general role for the C-terminal tail in G protein coupling; the
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C-terminal tail plays a critical role in constraining the consti-
tutive activity irrespective of ¢lass of coupling G proteins.

One of the remarkable findings in this study is that a cluster
of aromatic amino acids beginning with Tyr'*® or the corre-
sponding residue is required for G, coupling with high effi-
ciency in prostanoid receptors {Fig. 5). This feature, the exist-
ence of three bulky aromatic amino acids following the
conserved proline residue, is unique to G.-coupled prostancid
receptors (Fig. 4). The 3 amino acids just after the proline in the
four G,-coupled prostanoid receptors are YFY, FFY, or YLY,
whereas the other members contain HWY, LIH, IFH, or FSR.
The present study demonstrated that the existence of an un-
charged aromatic residue at the first position is the most crit-
ical for G, coupling. However, the simultaneous introduction of
alanine mutations at the following two residues resulted in a
significant loss of efficiency in G, activity in EP2 and EP3-
H140Y receptors. Moreover, the existence of an aromatic resi-
due (Phe'* in EP2 and Trp'*! in EP3) at the second position
appears to be required for G, coupling with high efficiency. In
contrast, the Tyr residue at the third position is dispensable if
the first two residues are aromatie, but this residue is likely to
take part in G, coupling in the absence of an aromatic residue
at the second position. Based on these results, we concluded
that G, coupling is controlled by the three aromatic amino acids
following the conserved Pro residue with a rank order of con-
tribution of first > second > third residue in the prostanoid
receptors.

How does the aromatic residue contribute to G, coupling
with high efficiency? The rank order of amino acids eritical for
efficient G, coupling of EP2 and EP3 receptors is as follows;
Phe > Tyr > Trp > Leu = other amino acids = 0 (Figs. 2 and
3). There is no doubt that the C-terminal 5 amino acids of the
Ga subunit are important for its selective binding to the recep-
tors; both G, and G, families contain a Tyr residue at —4
from the C-terminal end, whereas the G, family contains a
quite different amino acid, cysteine, at this position (33-35).
Recently, Liu ef al. demonstrated that the aromatic moiety of
the Tyr residue conserved at —4 from the C-terminal end of the
Ga, and Ga,, plays a key role in receptor/G protein interactions
with high efficiency (36). By point mutation analysis, they
demonstrated that agonist-induced G, activation is con-
trolled by the identity of the ~4 residue with the rank order of
Phe > Tyr > Trp > other amino acids. Although they did not
examine the effect of the Len mutation, the three most effective
amino acids, Phe, Tyr, and Trp are completely identical to the
amino acids critical for G, coupling at the key position in both
EP2 and EP3 receptors. From these results, we speculate that
the bulky aromatic amino acid in the i2 loop takes part in
recognition of the Tyr residue conserved in G, and G, through
a mechanism such as  electron interactions. In such case, a
cluster of aromatic residues may contribute to strengthen the
interaction with or to accelerate the recognition of the tyrosine
residue at the —4-position of G,. Recently, Erlenbach et al. (29)
employed an yeast screening system, in which random muta-
tions were introduced into the G,-coupled vasopressin V2 re-
ceptor, to detect amino acid mutations affecting receptor inter-
action with the C-terminat tail of G proteins. They found that
a single amino acid substitution at Met™**® into Leu or Trp
within the i2 loop equivalent to Tyr'*? of mEP2 allowed the V2
receptor to couple to both G, and G, (29). They also discussed
the possibility that Met'*® is a strong candidate site for inter-
action with G proteins based on the analogy of the high reso-
lution x-ray structure of bovine rhodopsin. According to the
original report, the i2 loop exhibits an L-like structure when
viewed parallel to the membrane plane but lacks regular sec-
ondary structure (37). Because the cytoplasmic extension of TM
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IIT and the N-terminal segment of the i2 loop show considerable
sequence homology among GPCRs of the rhodopsin family, it is
likely that the i2 loop of the EP2 receptor adopts a structure
similar to that observed in rhodopsin. If this is correct, the
cluster of aromatic residues from Tyr'*? to Tyr'43 is predicted
to be located just N-terminal of the bend of the L-like structure
that is a characteristic feature of the i2 loop where it is easily
accessible for interactions with G proteins. Taken together, we
propose a cluster of aromatic amino acids in the i2 loop as a
strong candidate for an interaction site with the G, protein.

The current study demonstrated that interchanging of the i2
loop or the N-terminal or C-terminal half region of the i2 loop
between EP2 and EP3 left the individual binding affinities and
the specificity and expression levels of the receptors unaffected.
These results may reflect the fact that the i2 loops do not
directly contribute to the formation of the ligand binding
pocket. On the contrary, the interchanging of the il loops
resulted in loss of binding ability of both receptors. Although all
EP receptors can recognize PGE, as a natural ligand, it has
long been suggested that each EP receptor recognizes different
funetional groups of agonists (38). Since it was recently pro-
posed that beth TM I and II contribute to receptor recognition
of different functional groups of prostanoid ligands (39), the i1
loop of the prostanoid receptors may be eritical in the formation
of subtype-specific ligand binding pockets. Interchanging of the
i3 loops differently affected the binding properties of the wild
type receptor; EP2 lost but EP3 retained the ability to bind to
PGE,. This finding may reflect the fact that EP2 requires an i3
loop of appropriate length to form a binding pocket that can
hold prostaglandin derivatives with a bulky structure (25).

In summary, we have demonstrated that a cluster of aro-
matie amino acids at the center of the i2 loop plays a key role
in G, coupling, at least in the prostanoid receptors. This study
will be of help to understand the meolecular mechanisms of G
protein coupling selectivity by the individual GPCRs.
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Expression of L-histidine decarboxylase in granules
of elicited mouse polymorphonuclear leukocytes
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Infiltrating polymorphonuclear leukocytes (PMN) in the peritoneal cavity were found to
express L-histidine decarboxylase (HDC), the rate-limiting enzyme of histamine synthesis, in
a csein-induced peritonitis model. Expression of HDC was detected in the elicited PMN, but
not in the peripheral blood leukocytes. The peritoneal lavage fluids in this model were found
to augment histamine synthesis in PMN isolated from the bone marrow. Rapid post-
translational processing of HDC was observed in PMN, and the dominant form of HDC was
the mature 53-kDa form, which was found te co-localize with a granule enzyme, matrix
metalloproteinase-9 (MMP-9). Treatment of PMN with the phorbo! ester PMA, which stimu-
lates the release of MMP-9, did not liberate the granular HDC. immunofluorescence studies
using an antj-HDGC antibody strongly suggested that HDC is bound to the cytosoclic side of
the granule membranes. These observations suggest that HDC is induced upon infiltration of
PMN into the mouse peritoneal cavity and that histamine is synthesized by HDC attached to

Eur. J. Immunol. 2004, 34: 1472-1482

the granule membranes of PMN.

Key words: Histidine decarboxylase / Neutrophil / Histamine / Granule

1 Introduction

Histamine has been reported to play various roles in the
modulation of immune and inflammatory responses via
the H, and H; receptors [1], such as increase in vascular
permeability [2], leukocyte rolling [3], cytokine produc-
tion [4, 5], polarization of dendritic cells [6], and T cell
and antibody responses [7, 8]. These studies suggest
that endogenous histamine production can modulate
immune responses, although the exact source of this
histamine remains to be fully determined. Many of these
studies have assumed that the histamine released from
mast cells and basophils via degranulation is important
in such kinds of immune regulation. However, since this
histamine release is generally observed at the onset of
inflammatory respenses, it is unlikely that only histamine
released from mast cells and basophils can modulate the
immune responses, especially during the late phase
responses. In an air pouch-type allergic inflammation
model in rats, the release of histamine into the pouch

[DOI 10.1002/¢ji.200324636)

Abbreviations: BM-PMN: PMN precursors from bone mar-
row ER: Endoplasmic reticulum GAPDH: Glyceraldehyde-
3-phosphate dehydrogenase HDC: L-Histidine decarboxyl-
ase MMP-9: Matrix metalloproteinase-9 PDI: Protein disul-
fide isomerase SLO: streptolysin-O
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fluid was found to be biphasic [9]: in the anaphylactic
phase, activated mast cells in the pouch released hista-
mine, causing a transient increase in vascular permeabil-
ity via the H, receptors [2], and in the following chronic
phase, cells of unknown identity, which were not mast
cells, produced histamine, causing the inhibition of leu-
kocyte infiltration into the pouch via the H, receptors
{10]. During the chronic phase of inflammation, an inten-
sive infiltration of polymorphonuclear leukocytes {PMN)
and macrophages is usually observed. A detectable
amount of histamnine synthesis was found to be induced
in the murine myelomonocytic cell line WEHI-3B, in par-
allel with their differentiation into macrophages [11].
Mirossay et al. have demonstrated the existence of trace
amounts of L-histidine decarboxylase (HDC) activity and
histamine content in macrophages as well as in the
human promyelocytic leukemia cell line HL-60, which
can be differentiated into granulocytes by all-trans-
retinoic acid treatment [12]. These in vitro studies sug-
gest that both PMN and macrophages may be involved
in histamine synthesis during the chronic phase of the
inflammatory response. Although it stil remains
unknown as to which cell type is responsible for hista-
mine synthesis in vivo, it is important to clarify the regula-
tion of histamine synthesis by these cell types in order to
appreciate the modulatory role of histamine in immune
and inflammatory responses.
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We previously described the post-translational process-
ing and intracellular localization of HDC {EC 4.1.1.22),
the rate-limiting enzyme in histamine synthesis in mam-
mals, in the rat basophilic/mast cell line RBL-2H3 [13].
HDC was found to be translated as a 74-kDa precursor
form in the cytosol, which is then processed into its
mature 53-kDa form. In addition, histamine synthesis
was detected in two distinct compartments, in the cyto-
sof and in granules. On the other hand, in the preliminary
study, we have found that PMN are the dominant cell
type responsible for histamine synthesis in an experi-
mental casein-induced peritonitis model [14]. Granules
in human PMN have been classified into three types;
azurophil/primary, specific/secondary, and gelatinase/
tertiary granules [15], whereas such a classification of
neutrophil granules remains to be fully determined in
mice. Although the previous observation that azurophil
granules in PMN share several characteristics with
histamine-containing granules in mast cells [16] indi-
cates the granular localization of HDC in PMN, the exact
intracellular localization of HDC in PMN remains to be
clarified. In this study, we investigated the post-
transiational processing and intracellular localization of
HDG to elucidate the regulation of histamine synthesis in
PMN.

2 Results

2.1 Expression of HDC in PMN

In our preliminary study, we have found that PMN are
responsible for histamine synthesis in an experimental
casein-induced peritonitis model [14]. In this model, a
drastic and transient increase in HDC enzyme activity in
total peritoneal cells was observed, reaching a peak level
5 h after casein injection, at which time an intensive infil-
tration of PMN into the peritoneal cavity was observed
{[14] and data not shown). PMN were purified from the
peritoneal cells 5 h after casein injection. Immunofluo-
rescence studies revealed that the purified PMN fraction
{>98% purity, confirmed by May-Griinwald-Giemsa
staining) was immunoreactive to both an anti-HDC and
an anti-CD11b antibody (Fig. 1A). The immunofluores-
cence pattern indicated a granule-like localization of
HDC in the PMN. On the other hand, HDC* cells were not
found in total leukocytes from peripheral blood, both in
control mice and in mice injected with casein, although a
significant number of CD11b* cells were observed in
peripheral blood leukocytes from both mice (Fig. 1B). In
addition, no detectable amount of HDC activity could be
measured in the homogenates of peripheral blood leuko-
cytes collected from mice treated with or without casein
for § h (data not shown). These results indicate that KDC
may be induced in response to inflammatory stimuli in

© 2004 WILEY-VCH Veriag GmbH & Co. KGaA, Weinheim
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Fig. 1. Expression of HDC in infiltrated PMN, and not in
peripheral blood leukocytes, in the casein-induced peritoni-
tis model. {(A) PMN were purified from peritoneal cells 5h
after casein injection. Cells were centrifuged onto slide glas-
ses and immunofluorescence studies were performed with
an anti-HDGC antibody {1:500) followed by incubation with an
Alexa594-conjugated anti-rabbit 1gG antibody (1:1,000;
HDC) and a FITC-conjugated anti-CD11b antibody (1:1,000;
CD11b). Bars =20 um. (B) Peripheral blood was collected
from control mice and mice 5 h after casein injection, and
the leukocyte fraction was purified. HDC-immunoreactive
cells were never observed in any of the multiple microscopic
fields analyzed. Bars =20 um. (C) Peripheral blood leuko-
cytes were collected from mice 5 h after casein injection.
Total leukocytes were incubated for 6 h under standard cul-
ture conditions in the presence (PLF) or absence (None) of
the peritoneal lavage fiuid obtained 5 h after the injection.
Bars =20 um.
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Fig. 2. Induction of HDC in BM-PMN. (A) PMN were isolated from bone marrow by density gradient fractionation (BM-PMN), The
lineage of the cells was confirmed by flow cytometry with an anti-CD11b antibody and an anti-Gr-1 antibody. The closed area
profiles were obtained with the isotype control antibody. (B) BM-PMN were subjected to immunoflucrescence study as
described in the legend to Fig. 1. Bars =20 um. (C) BM-PMN were incubated for 3 h in the absence {None) or presence of the
indicated cytokines (20 ng/m), the peritoneal lavage fiuids obtained from mice injected with casein (Casein PLF) or those from
control mice (Control PLF). Cells were harvested and HDC activity was measured. Values are represented as the means x SEM
{n=3-6). *p<0.05 is regarded as significant by the Student’s t test (vs. None}. *p<<0.05 is regarded as significant by the Student's
t test {vs. Controf PLF). (D) BM-PMN were incubated for 3 h in the presence of the peritoneal lavage fluids obtained from mice
injected with casein {Casein PLF) or from control mice (Control PLF). Incubated BM-PMN were subjected to immunofluorescence
study as described in the legend to Fig. 1. Bars =20 um.

the cavity. To confirm this hypothesis, we collected incubation of the peripheral blood feukocytes with the
peripheral blood leukocytes and peritoneal lavage fluid lavage fluid for 6 h at 37°C, a significant number of HDC*
from peritoneal cavities 5 h after casein injection. After cells could be detected (Fig. 1C}.
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2.2 Induction of HDC in PMN isclated from bone
marrow

Since a method for purification of PMN from murine
peripheral biood leukocytes remains to be established,
we isolated PMN precursors from the bone marrow (BM-
PMN) by density gradient fractionation. Flow cytometric
analysis demonstrated that greater than 80% of this
fraction was immunoreactive to both an anti-CD11b and
an anti-Gr-1 antibody (Fig. 2A). In comparison with
casein-induced peritoneal PMN, similar levels of surface
expression of Gr-1 and lower levels of CD11b were
observed in BM-PMN. Immunofluorescence studies
revealed that CD11b* cells in BM-PMN were not immu-
noreactive to the anti-HDC antibody (Fig. 2B). We then
investigated effects of peritoneal lavage fluids and sev-
eral cytokines on the induction of histamine synthesis in
BM-PMN. A drastic increase in HDC activity was
observed in BM-PMN incubated for 3 h in the presence
of peritonea!l lavage fluids collected from mice injected
with casein, but not in the presence of fluids collected
from control mice (Fig. 2C). Induction of HDC by the
lavage fluids was also confirmed by immunofluores-
cence study with the anti-HDC antibody (Fig. 2D).
Among the cytokines tested, treatment with GM-CSF
was found to slightly but significantly augment HDC
activity in BM-PMN (Fig. 2C). IL-18, IL-6, TNF-a, and G-
CSF did not induce HDC activity in BM-PMN.

2.3 Expression and enzymatic activity of HDC in
PMN

We then investigated the expression of mRNA and pro-
tein and the enzymatic activity of HDC in peritoneal
PMN. Northern blot analyses demonstrated a high level
of HDC mRNA expression in PMN immediately after
purification, followed by a rapid decrease under culture
conditions {Fig. 3A). Immunoblot analysis using the anti-
HDC antibody revealed that the dominant molecular
species in peritonea! PMN is the 53-kDa form {Fig. 3B).
Purified PMN showed a significant tevel of HDC activity
{~80 pmol/min/mg protein), which gradually decreased
under standard culture conditions for up to 8 h (Fig. 3C).
Post-translational processing of HDC was confirmed by
pulse-chase experiments (Fig. 3D, E). The 74-kDa pre-
cursor form was found to be completely converted into
its mature 53-kDa form within 1 h. A band of approxi-
mately 120 kDa with strong labeling was detected, but
was still detectable in the presence of excess amounts of
the antigen, glutathione-S-transferase HDC fusion pro-
tein {data not shown), and hence we conclude that this
band is from an unrelated protein detected in our sys-
tem.
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2.4 Co-localization of HDC with MMP-9

We investigated the intracellular localization of HDC,
PMN were double-stained with the anti-HDGC antibody
and an antibody against matrix metalloproteinase-9
(MMP-9, gelatinase B), which is known to be a granule
proteinase in PMN. In confocal microscopic observa-
tions, HDC and MMP-2 were found to co-localize in the
granules of PMN (Fig. 4A), indicating that HDG is local-
ized in the MMP-9-containing granules of PMN.

2.5 Unchanged localization of HDC upon
stimulation with PMA

Since previous studies have demonstrated that MMP-9
is liberated from PMN upon treatment with phorbol 12-
myristate 13-acetate (PMA) [17], extracellular release of
HDC was investigated. A dose-dependent release of
MMP-9 was measured as both enzyme activity and
immunoreactive protein upon treatment of PMN with
PMA for 30 min (Fig. 4B), whereas no release of HDC
enzyme activity {data not shown) and immunoreactive
protein was detected under the same conditions
(Fig. 4B). The absence of MMP-9 and the granule-
associated expression of HDC upon PMA treatment
were also confirmed by immunoflucrescence studies
{Fig. 4C). Although relatively high levels of spontaneous
histamine release (approximately 20%) were detected, a
significant amount of stimulated release was detected
upon treatment with PMA (Table 1). On the other hand,
neither N-formyl-methionyl-leucyl-phenylalanine (up to
10 uM) nor leukotriene B, {up to 1 pM) was found to
induce a significant histamine release (data not shown).

2.6 Membrane orientation of HDC

We then investigated in detail the localization of HDC in
the granules of PMN using streptolysin-O (SLO), which
selectively permeabilizes plasma membranes [18]. Nei-
ther HDC activity nor a band immunoreactive to the anti-
HDC antibody was detected in the cytosol fractions
obtained after SLO treatment, whereas more than 80%
of lactate dehydrogenase activity was recovered (data
not shown), excluding the possibility that HDC is a
cytosol-soluble protein. Immunoreactive signals were
observed with the anti-HDC antibody, and not with the
anti-MMP-9 antibody, in the SLO-treated PMN ({Fig. 5),
indicating that HDC was accessible to the antibody
entering from the cytosolic side whereas MMP-9 was
not. When the SLO-treated cells, after fixation, were fur-
ther permeabilized with 1% Triton X-100, co-localization
of HDC and MMP-9 was again confirmed.
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Fig. 3. Expression and post-transiational processing of HDC
in peritoneat PMN under standard culture conditions. Perito-
neal PMN were incubated under standard culture conditions
for the indicated pericds. (A) Northern blot analyses were
performed using a **P-labeled probe for HDC (total RNA,
3 ng/lane). The relative intensity of each band was normal-
ized using the probe for GAPDH and is presented below the
panel.(B) Immunoblot analysis was performed using the
anti-HDC antibody (1:500). The amow indicates the 53-kDa
mature form of HDC (53 K). The relative intensity of each
band was measured densitometrically and is presented
below the panel. The 74-kDa form of HDC was not detect-
able. (C) Enzyme activity of HDC was measured and pre-
sented as mean + SEM (n=5}. (D) PMN (2x107 cells/lane)
were metabolically labeled with  [*Sjmethionine  in
methionine-free medium for the indicated periods. Cells
were immunoprecipitated with the anti-HDC antibody. The
immunoprecipitates were separated by SDS-PAGE and sub-
jected to autoradiography. (E) PMN labeled with [*S]methio-
nine for 30 min were subjected to chase experiments in the
presence of 1 mM methionine for the indicated periods. The
arows in (D) and (E) indicate the precursor form of HDC
(74 K) and the mature form of HDC (53 K).

3 Discussion

In the previous report [14] and in the current study we
demonstrated that isolated PMN express HDC and pro-
duce histamine in a casein-induced experimental perito-
nitis model. Expression of HDC in purified peritoneal
PMN was demonstrated at both mRNA and protein lev-
els. These results are consistent with previous findings
by Shiraishi et al. [19] that infiltrating leukocytes in an air
pouch-type allergic inflammation model and in a casein-
induced peritonitis model in rats expressed HDC mRNA.
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Table 1. Histamine release from PMN stimulated with PMA®

PMA Total Release Net release
{nM) (ng/107 cells)  (ng/107 cells) (%)

0 275+15.4 54.2+13.9

10 272+39.7 79.8+4.41 8.58+5.40

30 278+25.8 83.9x14.8 10.114.66

100 287+40.5 96.9:19.6 13.5+7.52

% PMN purified from peritoneal cells 5h after casein
injection were incubated under standard culture
conditions in the presence of the indicated
concentrations of PMA for 30 min. Culture mediurm and
cells were separated by centrifugation at 2,000xg for
5 min at 4°C. Values for net release were calculated by
subtracting the value for spontaneous release (PMA
0 nM; 54.2+13.9 ng/10’ cells). The values are presented
as means x SEM (n=5}.

Although their results strongly suggest that PMN are the
dominant source of de novo synthesis of histamine
{~1.2 pmol/min/mg protein in infiltrating cells), they did
not exclude the possibility that macrophages may pro-
duce some of this histamine. We have determined the
specific activity of HDC in the peritoneal PMN
{~80 pmo!¥min/mg protein, Fig. 3A), which was much
higher than previously reported for activated macro-
phages and mast cells (<10 pmol/min/mg protein) [10,
20]. Furthermore, it is notable that HDC expression was
induced in PMN in the peritoneal cavity, since peripheral
blood leukocytes did not express HDC. It has been
reported that CD11b expression in intravascular neutre-
phils can be enhanced by the addition of peritoneal fluid
supernatant in a glycogen-induced peritonitis model
[21]. In the casein-induced model, we have also found
that peritoneal lavage fluid has the potential to induce
HDC protein in peripheral blood CD11b* cells and in
PMN isclated from the bone marrow (BM-PMN). There-
fore, some humoral factors may exist in the peritoneal
cavity that can induce HDC expression in PMN. The
rapid decrease of HDC mRNA expression under culture
conditions supports this hypothesis. We found an
increase in HDC activity in BM-PMN incubated in the
presence of GM-CSF. G-CSF and IL-6 demonstrated
neither additive nor synergistic effects on GM-CSF-
mediated induction of HDC, although these cytokines
are also involved in regulation of PMN functions. Since
the potential of the peritoneal lavage fluids to augment
histamine synthesis was much greater than that of GM-
CSF, it is possible that the peritoneal lavage fluids con-
tain other inducing factors for HDC. TNF-a is one of the
possible candidates, since Endo has previously reported
that a systemic injection of TNF-o. was able to induce
histamine synthesis in mouse bone marrow cells and
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Fig. 4. Unchanged localization of HDC in granules upon treatment with PMA. (A} Peritoneal PMN were centrifuged onto slide
glasses. Immunofiuorescence studies were performed with an anti-HDC antibody (1:500, HDC) and an anti-MMP-9 antibody
{1:500, MMP-9) followed by incubation with a FITC-conjugated anti-rabbit IgG antibody (1:100, green) and a rhodamine-
conjugated anti-goat lgG antibody (1:100, red). Bars =20 um. A magnified view is presented (Merge, right panel). Bar =5 pm.
{B) PMN were incubated under standard culture conditions in the presence of the indicated concentrations of PMA for 30 min.
Control experiments (C) were performed without incubation, Cutture medium (Medium) and cells (Cell) were separated by centri-
fugation at 2,000xg for 5 min at 4°C. Each fraction was subjected to immunoblot analyses using the anti-HDC antibody (1:500)
and the anti-MMP-9 antibody (1:500). Gelatin zymography was performed as described in section 4.12. {C} PMN were incubated
under standard culture conditions in the presence (PMA) or absence {None) of 100 nM PMA for 30 min. Immunofluorescence
studies were performed as described above. Bars =10 um.

spleen cells [22] and since a significant amount of TNF-a
release from mast cells has been detected during the
anaphylactic phase of a mouse peritonitis model [23].
However, TNF-a may not be involved in the induction of
HDC in our model, as TNF-a did not augment HDC activ-
ity in BM-PMN and an intraperitoneal injection of an anti-
TNF-a neutralizing antibody did not inhibit the induction
of HDC {data not shown). Another proinflammatory cyto-
kine, IL-15, was also found to have no inducible effects
on HDC expressicn in PMN. Further studies are surely

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

required to determine the factors responsible for induc-
tion of HDC.

The enzymatic activity of HDC in peritoneal PMN was
found to rapidly decrease under culture conditions,
before the decrease in HDC mRNA and protein. This
result indicates the occurrence of enzymatical inactiva-
tion of HDC in peritoneal PMN in addition to degradation
of its mRNA and protein, although such inactivation has
not been previously reported. Rapid suppression of his-
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Fig. 5. Granular membrane orientation of HDC. PMN were treated with SLO (12,500 U/ml) and fixed. Cells were further permea-
bilized with {+ Triton) or without (None) 1% Triton X-100 and then stained using the anti-HDC antibody or the anti-MMP-9 anti-

body as described in the legend to Fig. 3. Bars =10 pm.

tamine synthesis in peritoneal PMN may contribute to
the prevention of exacerbated inflammatory responses,
which could be induced by prolonged histamine release.

The tmmunofluorescence studies using the anti-HDC
antibody revealed a granular localization of HDC in PMN.
We previously demonstrated that HDC was translated in
the cytosol and targeted to the endoplasmatic reticulum
(ER), where post-translational processing occurred in the
rat mast cell line RBL-2H3 [13]. We also observed that
histamine was produced in both the cytosol and the
granule fractions of the cells, mediated by the 74-kDa
form and the 53-kDa form, respectively. Compared with
the intracellular localization of HDC in the mast cell line,
which is mainly in the ER, the current study demon-
strated that HDC is co-localized with MMP-9 in PMN,
indicating the granular localization of HDC. These results
indicate that HDC may be efficiently processed into the
mature 53-kDa form and transported to the gelatinase-
containing granules in PMN. Indeed, the pulse-chase
experiments showed the rapid and complete processing
of HDC as only the 53-kDa form was detected upon
immunoblot analyses using the anti-HDC antibody.

We previously demonstrated that the 53-kDa form of
HOC was not accessible to the anti-HDC antibody in
SLO-treated RBL-2H3 cells [13], which strongly sug-
gests that the 53-kDa form of HDC is localized in the
luminal compartments of the cells. Indeed, the 53-kDa
form was found to be resistant to trypsin digestion in
SLO-treated RBL-2H3 cells. On the contrary, the 53-kDa
form was accessible to the anti-HDC antibody in SLO-
treated PMN. Since HDC was not released upon SLO-
treatment, HDC may be bound to the cytosolic side of
granufe membranes in PMN. We have no experimental
evidence giving a clear explanation for this inconsistency
in the localization of HDC between mast cells and PMN.
Membrane orientation and targeting of HDC remains
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largely unknown. Using the in vitro translation system
with rabbit reticulocyte lysates, we previously demon-
strated that targeting of the 74-kDa form to the micro-
somal membranes occurs post-translationally [24],
although the exact mechanism remains to be deter-
mined. Since the 74-kDa form of HDC lacks the amino-
terminal signal sequence, which can bind to the signal
recognition particle, the membrane targeting of HDC
may be mediated by an unknown mechanism. Further
analyses are required to clarify this mechanism,

Compared with mast cells, histamine release from PMN
is characterized by high levels of spontaneous release,
indicating the rapid turnover of nascent histamine in
PMN. On the other hand, the observation that relatively
small amounts of histamine were released upon PMA
treatment indicates the existence of heterogeneous
pools of granule histamine. Granule-associated localiza-
tion of HDC may contribute to uptake of nascent hista-
mine into granules, and spontaneous release of granule
contents may occur in PMN infiltrated into the peritoneal
cavity. The transport systemn for histamine across the
plasma membrane and vesicular membranes remains
largely unknown. There has been no experimental evi-
dence that excludes the possibility that histamine pro-
duced in the cytosol may be directly released via a trans-
porter in the plasma membrane. Indeed, we have
recently reported that histamine is transported into the
cytoso! of mouse macrophages in a Na'-independent
manner and that cytosolic histamine is liberated from the
cells after depletion of extracellular histamine, although
the molecular identity of the transporter remains to be
determined [25). We surely need further experimental
evidence to address this problem.

It has been demonstrated that large amounts of hista-

mine are transiently released from mast cell granules in
the anaphylactic phase of inflammatory responses,

www.ejl.de



Eur. J. Immunol. 2004, 34: 1472-1432

whereas continuous histamine release is usually
observed in the late phase, which is accompanied by an
increase in histamine synthesis [9). These distinct char-
acteristics of histamine release may reflect the difference
in the fashion of histamine synthesis and storage
between mast cells and PMN; histamine is accumulated
and stored in the granules of mast cells, whereas it is
rapidly released from PMN,

In summary, we demonstrated in this study that HDC is
induced in PMN infiltrated into the peritoneal cavity and
that the dominant 53-kDa form, which is converted by a
rapid post-transiational processing, is localized on the
cytosolic side of gelatinase-containing granules in PMN,
PMN may be one of the important sources of histamine
in inflammatory responses.

4 Materials and methods

4.1 Materials

An anti-HDC antibody was prepared as described [26]. This
antibody was raised against the partial amino acid sequence
(residues 1-210) of mouse HDC and can recognize both the
precursor 74-kDa form and the mature 53-kDa form of HDC
[13]). The following materials were purchased from the
sources indicated: an anti-MMP-9 antibody from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA); an anti-protein disul-
fide isomerase (PDI) antibody from StressGen {Victoria, BC);
a FITC-conjugated anti-CD11b  antibody and a
phycoerythrin-conjugated anti-Gr-1 antibody from PharMin-
gen (San Diego, CA); a FITC-conjugated anti-rabbit IgG anti-
body and a rhodamine-conjugated anti-mouse IgG antibody
from Leinco Technologies, Inc. (Ballwin, MOQ); a rhedamine-
conjugated donkey anti-goat IgG antibody and a FITC-
conjugated donkey anti-rabbit 1gG antibody from CHEMI-
CON (Temecuta, CA); an Alexa594-conjugated anti-rabbit
IgG antibedy from Molecular Probes, Inc. (Eugene, OR);
polyvinylidene difluoride (PYDF) membranes from Millipore
(Tokyo, Japan); a horseradish peroxidase-conjugated anti-
rabbit IgG antibody from Dako (Glostrup, Denmark); ISO-
GEN from Nippon Gene (Tokyo, Japan); Percoll, ECL West-
ern blot detection reagent and protein A Sepharose CL-4B
from Amersham Pharmacia (Uppsala, Sweden); Biodyne A
from Pall BioSupport Corpoeration (East Hills, NY); SLO, N-
formyl-methionyl-leucyl-phenylalanine, and leukotriens B,
from Sigma Aldrich (St. Lois, MO); [®*Slmethionine (1,000 Ci/
mmeol} and [a-*2P]dCTP (3,000 C/mmol) from Du Pont-New
England Nuclear (Boston, MA). All other chemicals were
commercial products of reagent grade.

4.2 Animals

Female BALB/c mice (7-8 weeks old) were obtained from
Shimizu Experimental Animal Lab, Co. Lid. (Kyoto, Japan).
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All experiments were performed according to the Guideline
for Animal Experiments of Kyoto University.

4.3 Isolation of elicited peritoneal PMN

Female BALB/c mice were used for all experiments. Casein
in saline (5%, w/v, 2 ml/cavity) was injected intraperitoneally.
Peritoneal cell types were determined by microscopic
observation after May-Grinwald-Giemsa staining. Cells in
the peritoneal cavity were harvested 5 h after injection by
lavage of the cavities with 3 m! sterile PBS. Lavage fluids
were centrifuged at 200xg for 5 min at 4°C, and the pellet
was resuspended in 2 m| PBS. PMN were purified by centri-
fugation on discontinuous Percoll gradients [27). Briefly, 2 mi
cell suspension were carefully layered on top of the discon-
tinuous Percoll gradient prepared with 2 mt solution B (den-
sity 1.090 g/ml} and 2 ml solution A {density 1.070 g/ml).
After centrifugation at 500xg for 20 min at 4°C, two distinct
leukocytic layers were obtained. The lower band was col-
lected as the PMN fraction and washed twice in PBS. Deter-
mination of the cell population by May-Griinwald-Giemnsa
staining indicated that more than 98% of the cells obtained
were neutrophils, whereas the rest were mononuclear cells.

4.4 Isolation of PMN from bone marrow

Bone marrow cells were harvested from the femurs of
female BALB/c mice and washed in Hanks’ balanced salt
solution. PMN in bone marrow were isclated according to
the procedure described [28] with minor modifications.
Briefly, bone marrow cells were resuspended in PBS
{(5x10™-7x107 cells/ml) and carefully tayered on top of the
discontinuous Percoll gradient consisting of three layers (28]
(3 ml each; densities 1.082, 1.075, 1.053 g/ml). After centri-
fugation at 500xg for 30 min at 4°C, the bottom fraction
(1 ml} was collected as the PMN fraction (BM-PMN) and
washed twice in PBS. Determination of the cell population
was petformed by May-Grinwald-Giemsa staining and by
flow cytometry,

4.5 Culture of peritoneal and bone marrow PMN

Purified PMN or bone marrow PMN were cultured in
RPM! 1640 medium containing 50 uM 2-mercaptoethanol,
1mM sodium pyruvate, 100 U/ml penicillin, 0.1 mg/mi
streptomycin and 10% heat-inactivated fetal calf serum ina
fully humidified 5%-CO, atmosphere (standard culture con-
ditions) for the indicated times. The viability of greater than
98% of the cells was confirmed by trypan blue exclusion.

4.6 Flow cytometric analysis

Flow cytometric analyses were performed with a FACSCali-
bur (Becton Dickinson) using a FITC-conjugated anti-CD11b
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antibody and a phycoerythrin-conjugated anti-Gr-1 antibody
to determine the neutrophil populations. The population of
positive cells was determined by comparison to cells
stained with FITC- or phycoerythrin-conjugated isotype-
matched immunoglobulin.

4.7 Immunofluorescence studies

PMN were centrifuged onto round cover glasses
{lM=18.0 mm), which were then placed in 12-well culture
plates. Immunoflucrescence studies were performed as
described [13). An anti-HDC antibody (1:500), an anti-MMP-
9 antibody (1:500), an anti-PDI antibody (1:500} and a FITC-
conjugated anti-CD11b antibedy (1:1,000) were used as pri-
mary antibodies. Alexa594-conjugated goat anti-rabbit IgG
antibody (1:1,000) was used for HDC and CD11b double-
staining. A rhodamine-conjugated donkey anti-goat 1gG
antibody (1:100) and a FITC-conjugated donkey anti-rabbit
IgG antibody (1:100) were used for MMP-9 and HDC
double-staining, respectively. Stained cells were observed
by confocat microscopy (MRC-1024, Bio-Rad Laboratories,
Hercules, CA).

4.8 Northern blot analyses

Total RNA was extracted from purified PMN using ISOGEN
according to the manufacturer’s instructions, separated
(3 pg/lane) by electrophoresis on a 1.5% agarose/formalde-
hyde gel and transferred ontoc a Bicdyne A membrane in
20x S8C (1x SSCis composed of 0.15 M NaCl and 0.015 M
sodium citrate) by capillary blotting. Hybridization was per-
formed with a 2P-labeled cDNA fragment specific for murine
HDC (Pvu ll-digested fragment) in hybridizing solution
{6x SSC, 5x Denhardt’s solution, 0.5% SDS, and 100 pg/mi
salmon sperm DNA) at 68°C overnight [30]. The filter was
rinsed twice in 2x 8SC containing 1% SDS at room temper-
ature and twice in 0.2x SSC containing 0.1% SDS at 60°C.
A ¥pP-labeled probe specific for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used in rehybrid-
ization for the loading control. The filter was then analyzed
using a Fujix BAS 2000 Bio-Imaging Analyzer.

4.9 Immunoblot analyses

PMN were homogenized in 50 mM HEPES-NaOH pH 7.3,
containing 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5’-
phosphate, 2% polyethylene glycol 300, 0.2 mM PMSF and
0.1% TritonX-100 and centrifuged at 15,000xg for 30 min at
4°C, The resultant supernatant {50 pg/lane) was subjected
to SDS-PAGE (10% slab gel), and the separated proteins
were transferred electrophoretically to a PVDF membrane.
Immunoblot analysis was performed as described [13]. An
anti-HDC antibody (1:500) or an anti-MMP-8 antibody
{1:500) was used as the primary antibody, and a horseradish
peroxidase-conjugated anti-rabbit IgG antibody (1:3,000) or
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a horseradish peroxidase-conjugated anti-goat IgG anti-
body (1:3,000) was used as the secondary antibody. The
membranes were stained using an ECL kit according to the
manufacturer’s instructions.

4.10 Histidine decarboxylase assay

PMN were rinsed with PBS followed by centrifugation, and
the cell pellet was lysed {1x107 cells/m) with 50 mM
HEPES-NaOH pH 7.3 containing 0.2mM dithiothreitol,
0.01 mM pyridoxal 5'-phosphate, 2% polyethylene gly-
col 300, 0.2 mM PMSF and 0.1% Triton X-100 on ice for
30 min. The cells were centrifuged at 100,000xg for 1 h at
4°C, and the supernatant was used for the measurement of
histidine decarboxylase activity as described [13]. The pre-
cipitate fraction exhibited no detectable enzymatic activity.
The histamine formed was separated on a cation exchange
column, WCX-1 (Shimadzu, Kyoto, Japan), by HPLC and
then measured by the o-phtalaldehyde method [31].

4.11 Immunoprecipitation

PMN were starved for 30 min in methionine-free RPMI 1640
medium suppiemented with 10% dialyzed fetal calf serum
and then pulse-labeled with [**S]methionine (10 uCi/mf) for
the indicated periods. In the chase experiments, 1 mM coeld
methionine was added to the cells after pulse labeling and
incubated for the indicated periods at 37°C. Immunoprecipi-
tation with an anti-HDC antibody was performed as
described previously [13]. The dried gel was analyzed using
a Fujix BAS 2000 Bio-imaging Analyzer.

4.12 Gelatin zymography

Gelatin zymography was performed according to the proce-
dure described [32]. Briefly, SDS-PAGE was performed with
10% acrylamide sfab gels containing 0.28% gelatin. After
electrophoresis, gels were incubated twice in 2.5% Triton X-
100 at room temperature for 30 min, and the in-gel gelati-
nase reaction was performed in 100 mM Tris-HCl pH 7.5
containing 10 mM CaCl, at 37°C for 12 h. Gelatin digestion
was confirmed by Coomassie brilliant blue staining.

4.13 Streptolysin-O treatment

PMN were incubated with SLO (12,500 U/ml; preactivated
by incubation for 15 min on ice with PBS containing 10 mM
dithiothreitel) in PBS at 4°C for 10 min. After this binding
step, cells were rinsed twice with PBS and then incubated at
37°C for 3 min to cause permeabilization. More than 80% of
lactate dehydrogenase activity was recovered in the leaked
fraction under these conditions. No immunoreactive band
was detected in the leaked fraction upon immunocblot analy-
ses with the anti-PDI antibody, indicating that the ER mem-

www.eji.de



Eur. J. Immunol. 2004, 34: 1472-1482

brane was intact. Detergent-free buffer was used in the
immunoflucrescence experiments for analysis of cells after
selective permeabilization of the plasma membrane.
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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-cutture 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 pharmacological 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 mode! 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 rounded
shapes and the presence of cytoplasmic oil droplets. The
transparent morphology of 3T3-Li-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 biological pathways that influence particular cellu-
lar processes are often discovered by the use of bioactive
small molecules. In the case of the adipogenic differenti-

*Cormrespondence: muesugi@bcm.tme.edu

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 adipegenesis 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
chemica! library may permit quick elucidation of new
biological mechanisms that influence adipogenic differ-
entiation.

Resuits

Effects of 880 Compounds on Adipogenesis

We assayed a collection of 880 bioactive compounds
for their abifity 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 biclogical 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
chernicals, and nucleotide analogs. Figure 1 shows typi-
cal examples of morphological appearance and RT-PCR
analysis of the chemical-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 Bioactive Compounds on Insulin-Induced
Adipogenesis of 3T3-L1 Cells

The differentiation of 3T3-L1 cells was induced by insulin in the
presence of 1% (v/v) DMSO only (B) or 5 uM compounds. Ten days
after the induction, the differentiated celis were stained with Oil-
Red O, and their microscopic images were captured. Effects of
representative adipogenesis enhancers and blockers are shown:
mitepristone (C), harmin (D), homocystein thiolactone (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 (1).

thioguanosine (nucleotide analog), and dequalinium (an-
tibiotic) was completely abolished, showing no oil drop-
lets and no detectable increase of aP2 mRNA levels.
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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
presence of 5 pM of histamine blockers: diphenhydramine {B), chlor-
pheniramine {C}, astemizole (D), and triprolidine {E). Ten days after
the induction, the differentiated cells were stained with Ofl-Red O,
and their microscopic images were captured. (A) shows a micro-
scopic image of the cells treated with 1% {v/v) DMSO only. The
levels of differentiation were also evaluated by RT-PCR analysis of
the aP2 gene, an adipocyte-specific marker (F).

While performing the adipogenesis 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 aholished 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 litile
effect on adipogenic differentiation (data not shown),
suggesting that the inhibition of adipogenesis is due to
histamine antagonism.



Chemical Genetic Analysis of Adipogenesis
909

A
o 0 X
£ l a-serotonin
S0+ 7 e mmmaa—
=20 o
3 A
@ % 200
=
g8 w
g=
0 100 . ]
< a-histamine
50
]
a 50 100 15¢ 200 250 300
Concentrations (ug/ml)
B w
g % histamine
o =
T X0
53
%g 50
g8
-Sal
h-)
< o
0 bt

0 x0 400 600 B0 1000 1200
Concentrations (nM)

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 anti-histamine or anti-serotonin antibodies. Ten days
after the induction, the differentiated cells were stained with Qil-
Red © 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
were plotted.

Histamine as an Adipogenic Factor

for 3T3-L1 Celis

Histamine, released from mast cells, basophils, or enter-
ochromaffin-like gells, circulates in the blood, with nor-
mal 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 3T3-
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 resuited in a
decreased number of differentiated cells in a dose-
dependent manner. In contrast, an anti-serotonin 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
serumn potentiates the insulin-induced differentiation.

Figure 4. Expression Levels of the Histamine H1 and H2 Receptors
in Undifferentiated and Fully Differentiated 3T73-L1 Cells

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

Expression of the Histamine 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 Hd 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 irhibit adi-
pogenesis by targeting proteins other than 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
oligonucleotide duplex encoding an siRNA specific for
the histamine H1 receptor was inserted into an expres-
ston vector driven by the RNA polymerase Il H1 gene
promoter [18], 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

Histamtine 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]. Our 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
cuitured cells, may be masked and undetectable in the
knockout mice, It 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
adipogenesis.

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 insulin-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.
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Figure 5, Inhibition of Insulin-induced Adipogenesis by siRNA
Knoeckdown of the Histamine H1 Receptor

3T3-L1 celis were transfected with an expression vector encoding
an siRRNA 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),
whereas 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 bioactive 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 FK5086, 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 large
libraries of annotated chemical probes for biological
studies. However, the chemical library used in this study
is still insufficient 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-
cules 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 technique 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. Qur results suggest that careful examination of
the structure-activity relationship of phenotype-causing
probes relieves the specificity concem and leads to a
tractable number of hypotheses for more time-consurn-
ing SIRNA confirmation.

Significance

Systematic elucidation of protein function by smaill-
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 biclogy and medi-
cine, Our case study, although at an early stage of
the field, provides an encouraging example for the
forthcoming endeavor and suggests an interesting
role for histamine receptors in insulin-induced adipo-
genesis.

Experimentat Procedures

Materials

aT3-L1 cells were obtained from ATCC and maintained in DMEM
supplemented with 10% calf serum. Anti-histamine or serctonin
antibodies were from CHEMICON and ImmunoStar, respectively. A
collection of 880 bicactive compounds {Prestwick Chemical Library)
was purchased from Prestwick Chemical. Twenty-five milligrams of
dry powder of each compound were disscived in DMSO and stored
in dark at —20 C° before use.

Chemical Screen of the Adipogenic Differentiation

3T3-L1 cells were grown to complete conflusnce and incubated for
another two days. The medium was switched to DMEM containing
10% fetal bovine serum, 5 wg/ml of insulin, and 5 pM of each bioac-
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 Qil-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: 5'-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-2' {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 TAATCT CCT TCT GC-3' (antisense). The
primers for the aP2 gene were described in our previcus study [29].
PCR samples were denatured at 94°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 § 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 8.5 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
GCCA TCA TCT TCA AGA GAG ATG ATG GCG GTC ATG ATC TTT
TT-3' and 5'-AGC TAA AAA GAT CAT GAC CGC CATCATCTC TCT
TGA AGA TGA TGG CGG TCA TGA TCG GG-3'. The underlined
sequences indicate a target sequence {position 574-593} and its
reverse complernent. The oligonucleotides were annealed and then
inserted into a pSUPER.neo vector (Oligoengine). The resulting plas-
mid was transfected inte 3T3-11 cells with Lipofectamine Reagent
(Invitrogen). 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 receptor were evaluated by RT-PCR.

Acknowledgments

This work is supparted 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. Wilson 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 preadipose
cell line and its differentiation in cufture. Il. Factors affecting
the adipose conversion. Cell §, 16-27,

3. Rosen, E.D., and Spiegelman, B.M. (2000). Molecular regulation
of adipogenesis, Annu. Rev. Cell Dev. Biol. 16, 145-171.

4. MacDougald, 0.A., and Lane, M.D. (1995). Transcriptional regu-
lation of gene expression during adipocyte ditferentiation. Annu.
Rev. Biochem. 64, 345-373.

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

6. Dowell, P,, Flexner, C., Kwiterovich, P.Q., and Lane, M.D. {2000}.
Suppression of preadipocyte differentiation and promotion of
adipocyte death by HIV proteass 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. Engelman, J.A., Berg, AH., Lewis, R.Y., Lin, A, Lisanti, M.P.,
and Scherer, P.E. (1999). Constitutively active mitogen-acti-
vated protein kinase kinase 6 {MKKE) or salicylate induces spon-
taneous 3T3-L1 adipogenesis. J. Biol. Chem, 274, 356630-356638,

9. Ho, LC., Kim, JH., Rooney, JW., Spiegelman, B.M,, and
Glimeher, L.H. (1998). A potential role for the nuclear factor of

- 358 -

10,

11,

12

13

14.

18.

16.

17.

18.

19,

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31

activated T cells family of transcriptional regulatory proteins in
adipogenesis. Proc. Natl. Acad. Sci. USA 95, 15537-15541.
Dhtsy, H., Tanaka, 5., Terui, T, Horl, 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, $.J., Emson, P.C., and Young, J.M. {1973). The binding of
Pimepyramine to histamine H1 receptors in guinea-pig brain,
J. Neurochem. 37, 997-1004,

Hill, 5.4., Ganellin, C.R., Timmerman, H., Schwartz, J.C., Shank-
ley, N.P., Young, J.M., Schunack, W., Levi, R., and Haas, H.L.
{1997). International Union of Pharmacology. Xlll. Classification
of histamine receptors. Pharmacol. Rev. 49, 253-278.
Nakamura, T., itadani, H., Hidaka, Y., Ohta, M., and Tanaka, K.
(2000). Molecular cloning and characterization of a new human
histamine receptor, HH4R. Biochemn. Biophys. Res. Commun,
279, 615-620.

Hiroi, T., Ohishi, N., Imaoka, 8., Yabusaki, Y., Fukui, H., ahd
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. Immunol. 86, 599-605.

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

Schwartz, J.C., Pollard, H., and Quach, T.T. (1880). Histamine
as a neurotransmitter 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, 542-852,

Huang, J.Q., and Hunt, R.H. (2001). Pharmacological and phar-
macodynamic essentials of H{2)-receptor antagonists and pro-
ton pump inhibitors for the practising physician. Best Pract,
Res. Clin. Gastroenterol. 15, 365-370.

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

Morimoto, T., Yamamoto, Y., Mobarakeh, J.1., Yanal, K., Wata-
nabe, T., and Yamatodani, A. (1999). Involvement of the hista-
minergic system in leptin-induced suppression of foed intake.
Physiot. Behav, 67, 679-683.

Fulop, A.K., Foldes, A., Buzas, E., Hegyi, K., Miklos, L.H., 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-
bexylase gene, Endocrinology 144, 4306-4314.

Laurier, V., Visentin, V., Fontana, E., Morin, N., Prevat, D., and
Campene, C. {2002). Histamine stimulates glucose transport in
rat adipocytes but not in human subcutaneous fat cells. In-
flamm. Res. 51 {Supp/! 1), S21-522.

Ishikawa, R., Horio, S., and Fukui, H. (2002}. Insulin-induced up-
regulation of histamine H1-receptors, Inflamm. Res. 57 (Supp!
1}, §73-574.

Choi, Y., Kawazoe, Y., Murakami, K., Misawa, H., and Uesugi,
M. {2003). Identification of bioactive molecules by adipogenesis
profiting of organic compounds. J. Biol. Chem. 278, 7320-7324,
Schreiber, 5.1, (2003). The small-melecule approach to biclogy.
Chem. Eng. News March 3, 51-61.

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



