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Fig. 6. Intravenously injected QD-labeled cells remained for several
days in the peripheral blood. EL-4 cells used for administration were
pre-stained with PKH26 Red Fluorescent Cell Linker Kit (Sigma)
before incubated with 0.1 mg/ml QD. Then the cells were collected and
re-suspended in serum-free DMEM and intravenously injected into the
mice. The mice were sactificed at indicated days (# = 2). The fluores-
cence intensity of the QD-holding cells was measured and calculated
by a CytoAce300 analyzer, as shown in Fig. 3. In the right graphs, the
forward scattered is given on the y-axis and side scattered on the x-axis.
Shown pumbers in inset mean the percentage of cells in upper right
region of graphs. As positive control, an equivalent number of QD-
labeled cells were added into the blood separately.

accurnulated in the splenic white pulp. In addition, QD-
labeled cells could be detected in sections of the kidneys,
liver, and lung in 7 days (Fig. 7B). The estimated value
of QDs in each organ calculated in accordance with
QDs contained in each section is shown in Table 1. This
result suggests that approximately 20% of injected cells
were present in those organs 7 days after injection.
Our results suggested that the QDs could be used asa
cell-tracing marker, especially for that of the trans-
planted target cells. QDs could enable high luminescent
labeling of target cells easily and these applications

Kiduey

Fig. 7. QD-labeled EL4 was located into kidney, liver, lung, and
spleen. (A) The fluorescence images of sliced spleen collected 21, 1 day,
3 days, and 5 days after administration (n = 2). {(B) The fluorescence
images of the kidneys, liver, lung, and spleen 7 days after adminis-
tration. The cells were observed by fluorescence microscopy, as in Fig.
1. Arrowheads indicate the location of QD-holding cells.

could also be applied to flow cytometric analysis. In this
study, we performed the labeling of QDs in EL-4 lym-
phocytoma cell lines by celiular endocytotic pathways.
This result indicated that it is possible to tag target cells
only by adding albumin-conjugated QDs into the cul-
ture media. In addition, the injected QD-labeled cells
were observed up to 5 days in this experiment. However,
some of the QDs were eliminated from the cells after a
long-time incubation time even in vitro, and the ob-
served number of cells was smaller than expected; the
number of cells observed 2h after injection was quarter
of the anticipated value and it decreased to 1/6 by next
day. It was not elucidated in this research why QD
labeled cells were disappearing from the body in these
experiments, but we can presume three possibilities by
our study. The first possibility was the attenunation of
QDs from endosomes by cell division. As shown in
Fig. 3, labeled QDs have already been detached in most
of the labeled cells, even though a few QD-labeled cells
remained for over a week in vitro. The fluorescence in-
tensity of QD-labeled cell population was attenuated
within first 24h, but fluorescent attenuation ratio
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Table 1

The estimated number of injected cells labeled by QDs contained in each organ at indicated days after injection

Time Organ QD-labeled cells in each section Estimated cell numbers in each
(cells/section) organ (x10* cells/organ)

2h Spleen 605+133 41.2+134 (4.1%)
Kidney Not detected Not detected
Liver 10+1.0 0.58 +£0.63 {0.06%)
Lung 46.7+18.0 18.6+ 71.9 (1.86%)

3 days Splesn 97.7427.7 6.64 4 2.44 (0.66%)
Kidney 0.33+0.58 0.04 +0.07 (0.004%)
Liver 20£10 1.16 4 0.68 (0.12%)
Lung 47.34£50 1R.5£2.15 (1.85%)

7 days Spleen 7201108 4.90 £ 1.24 (4.9%)
Kidpey 1.3+0.6 0.1540.09 (0.15%)
Liver 10632, 6.17£1.75 (6.1%)
Lung 516110 20.114.52 (20.1%)

QD-labeled cells including each organ section were counted (» = 3). The estimated cell aumbers in each organ were the presumed value calculated
from the volume of the organs and the number of QD-labeled cells contained in the sections. The data are presented as means + standard deviation,
The value in parentheses shows the peroentages of the injected QD-labeled cells located in each organ.

became lower after more than 24h culture. Moreover,
QDs held in endosomes were gradually concentrated in
a time-dependent manner. The distribution of QDs may
incline toward the specific position in a cell, which re-
sulted in that QD may be unevenly distributed to the
two product cells at cell division. Probably QDs may be
eliminated from injected cells in the same way in vivo.
Furthermore, the influence by cell division in the mouse
cannot be disregarded either. As shown in Fig. 6, in-
jected EL-4 cells were grown after 5 days (right graphs)
and detection of QD-labeled cells became difficult 5 days
after injection (left graphs). Thus, cell labeling using
QDs may tend to be influenced by cell division. The
second possibility was exclusion of injected cells by the
host-immune system. QDs holding cells may be van-
ishing more rapidly out of the blood circulation by some
active pathways in the early stage after injection. As we
surmised that QDs were excluded by the spleen function,
QD-labeled cells were detected from the sections of the
kidneys, liver, lung, and spleen. Approximately 20% of
injected QD-labeled cells were accumulated in those four
organs up to 7 days after injection. The last possibility
was the loss of photoluminescent ability of the QDs. It
was known that the fluorescence emitted from QDs was
attenuated by depriving of electric charge on QDs. We
assumed that the degradation of the surface of QDs in
endosomes including QDs was due to a change of the
pH as a consequence of activation of T cells. But as
shown in Fig. 4, no significant fluorescent elimination
was observed although QD-holding lymphocytes were
stimulated with calcium ionophore A23187, PMA, and
some lectins such as ConA and PHA.

Qur approaches suggest that QDs can be traced using
the injected cells for more than a week by quite easy
techniques. In this approach, QDs had many more ad-
vantageous points than organic fluorophores. As shown
in Fig. 5, the fluorescent intensity of QDs was approxi-

mately equal to that of the organic fluorophores in short-
time exposure such as flow cytometry, but the fluorescence
of QDs was superior to that of organic fluorophores in
terms of the operating lifetime. QDs could be applied not
only to cell labeling marker but also to real-time single-
molecule bioimaging for several minutes in living cells,
such as antigen-antibody reactions, the moment of viral
infection, the movement of transcription in nuclei, and
more. More improvements may be achieved by multicolor
scanning using some QDs of different particle sizes [22].

At present, no damage or toxicity caused by injection
of QD-labeled cells over individuals was observed al-
though the adverse effects on the organisms by the QDs
were anticipated, and cytotoxicity was observed at high
concentration of QDs. Efforts to address this issue are
being made in developing a different silicon based QD.
Further miniaturization of the particle is anticipated and
silicon-based QDs are expected to be much safer because
neither cadmium nor selenium is used. Advanced sur-
face treatment and improved introducing-methods of
QDs were required to retain the QDs inside the cells for
a longer and more stable duration. Nowadays, another
introduction method that encapsulated individual
nanocrystals in liposomes is being considered [23-25].
QDs could be used in both carrier or drug delivery
systems and to assess the effects of treatment by com-
bining this method and the other gene targeting therapy
using the liposomes if a semi-permanent cell labeling
technique was enabled in those methods [26]. Further-
more, a small tumor can be detected by specific wave-
length infrared rays emitted from some QDs, as the QDs
can be conjugated with biomolecules which can specifi-
cally recognize tumor cells in a similar way as antibodies
and some lectins [27). Visualization of QDs which flo-
wed in the blood of the capillary vessels and which were
accumulated in adipose tissue has already been reported
using multiphoton microscopy [28].

— 269 —



A. Hoshing et al. | Biochemical and Biophysical Research Communications 314 (2004) 46-53 53

The dynamics of QDs in this application is dependent
on the albumin conjugating on the surface of the QDs.
Further, it may be expected to conjugate QDs with
various proteins or molecules for the carrier molecules
of drug delivery systemn or cell specific marker, With the
development of new surface treatments of QDs, it may
soon become possible to make these possibilities come
true using varicus methods to replace the conventional
organic fluorophores that are currently being used.
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Summary

Nuclear receptors represent a very good family of protein targets for the prevention and
treatment of diverse diseases. In this study, we screened natural compounds and their
derivatives, and discovered ligands for the retinoic acid receptors (RARs) and the famesoid
X receptor (FXR). In the reporter assay system of nuclear receptors presented here, two
fluorescent proteins, enhanced yellow fluorescent protein (EYFP) and enhanced cyan
fluorescent protein (ECFP), were used for detection of a ligand-based induction and as an
internal control, respectively. By optimizing the conditions (e.g., of hormone response
elements and promoter genes for reporter plasmids), we established a battery of assay system
for ligands of RARs, retinoid X receptor (RXR) and FXR. The screening using the reporter
assay system can be carried out without the addition of co-factors or substrates. As the result
of screening of more than 140 compounds, several compounds were detected which activate
RARs and/or FXR. Caffeic acid phenylethyl ester (CAPE), known as component of propolis
from honeybee hives, and other derivatives of caffeic acid up-regulated the expression of
reporter gene for RARs. Grifolin and ginkgolic acids, which are non-steroidal skeleton
compounds purified from mushroom or ginkgolic leaves, up-regulated the expression of the

reporter gene for FXR.

Key words

FXR, RAR, Reporter assay, Fluorescence, GFP, Caffeic acid, Ginkgolic acid, Grifolin
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Introduction

Nuclear hormone receptors are ligand-activated transcription factors that are involved in a
variety of physiological, developmental, and toxicological processes. The nuclear hormone
receptor superfamily includes receptors for thyroid and steroid hormones, retinoids and
vitamin D, as well as receptors for unknown ligands. These receptors share a highly
conserved DNA-binding domain and a discrete ligand-binding domain, and bind to hormone
response clements (HREs) on the DNA during the formation of homodimers, heterodimers,
or monomers. This ligand-binding to nuclear receptors leads to conformational change of
these receptors and the recruitment of coactivator complexes, resulting in the transcriptional
activation (Khorasanizadeh and Rastinejad, 2001). Their ligand-dependent activity makes
nuclear receptors good pharmacological targets.

Nuclear receptors form a superfamily of phylogenetically related proteins encoded
by 48 genes in the human genome. Three isotypes of RARs (RARa, RARP and RARY) are
receptors for retinoids such as all-trans retinoic acid (ATRA) (Petkovich et al. 1987; Brand
et al. 1988; Krust et al. 1989). RAR« is associated with differentiation therapy for human
acute promyelocytic leukemia (Hansen et al. 2000). RARB plays a central role in limiting the
growth of different cell types (reviewed in Hansen et al. 2000), and is thus a possible target
for the treatment of breast and other cancers. RARY is also primarily expressed in the skin
and is involved in skin photoaging and carcinogenesis, and in skin diseases such as psoriasis
and acne (Fisher et al. 1996).

FXR is a receptor for bile acids such as chenodeoxycholic acid (CDCA),
deoxycholic acid, cholic acid, and their conjugates. Bile acids are synthesized in the liver
and secreted into the intestine, where their physical properties facilitate the absorption of fats
and vitamins through micelle formation. Cholesterol disposal from the liver is also

dependent on the bile acid composition of the secreted bile. Bile acids bind to FXR to
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activate and regulate transcription of FXR target genes. FXR controls the expression of
critical genes in bile acid and cholesterol homeostasis (Makishima et al. 1999; Parks et al.
1999; Wang ¢t al. 1999). FXR-null mice show elevated serum cholesterol and triglyceride
levels (Sinal et al. 2000), and an FXR agonist has been shown to reduce serum triglyceride
levels (Maloney et al. 2000). FXR is thus an attractive pharmacological target for the
treatment of hyperlipidemia. Moreover, an FXR agonist has been reported to confer
hepatoprotection in a rat model of cholestasis (Liu et al. 2003).

RXR is a common heterodimeric partner for many receptors, including thyroid
hormone receptor (TR), RAR, vitamin Ds receptor (VDR), peroxisome proliferator acfivated
receptor (PPAR), liver X receptor (LXR), and FXR, in addition to functioning as the receptor
for 9-cis retinoic acid (9CRA) during formation of 2 homodimer.

To determine ligands for these nuclear receptors, we developed a reporter assay
system using GFP derivatives. To study the promoter and enhancer control of gene
expression, firefly luciferase is widely used as a reporter protein because it has high
sensitivity and a broad linear range. In the commonly used reporter assay, B-galactosidase, a
well-characterized bacterial enzyme, or renilla luciferase is usually used in conjunction with
firefly luciferase to normalize the transfection efficiency of the reporter gene (Sherf et al.
1996; Martin et al. 1996). In such cases, the activity of the two reporter proteins must be
measured in different ways (e.g., absorptiometry and luminescence photometry) or by using
two substrates. In the reporter assay presented here, we used two species derived from green
fluorescent protein (GFP), one (EYFP) to measure the promotion and enhancement of gene
expression, and _the other (ECFP) to normalize the transfection, and were thus able to
measure the fluorescent protein signals simultaneously without any co-factor or substrates.
As the result of screening of more than 140 compounds, it was found that several

compounds activate RARs and/or FXR.
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Materials and Methods

Chemicals

Chenodeoxycholic acid was purchased from Sigma-Aldrich (St. Louis, Missouri, USA), and
all-trans retinoic acid and 9-cis retinoic acid were from Wako (Osaka, Japan). Ginkgolic acid

17:1, 15:0, and 13:0 were purchased from Nagara Science (Gifu, Japan).

Purification and synthesis of test compounds

Ginkgolic acid 15:1 was purified from Ginkgo biloba L. var. diptera according to Morimoto
et al. (1968). 2-Methyl ginkgolic acid methyl ester was prepared by methylation of the
ginkgolic acid with methyl jodide and K»CO; (Paul and Yeddanapalli, 1956; Begum et al.
2002). Grifolin was purified from Albatrellus confluens and Albatrellus ovinus (Ishii et al.
1988; Nukada et al. 2002). We isolated bazzanenyl caffeate from the liverwort Bazzania
fauriana (Toyota and Asakawa, 1988). We synthesized caffeic acid phenethyl ester (CAPE),
farnesyl caffeate and geranyl caffeate for acquirement in quantity. The synthesis of CAPE by
coupling reactions of caffeic acid and B-phenylethyl bromide was reported by Hashimoto et
al. (1988), and the dctailé for the synthesis of farnesyl and geranyl caffeates are described
below. The purity of the compounds for the bioactivation test was shown to be over 95% by
1H- and >C NMR spectra.

Synthesis of Farnesyl caffeate

Twenty five % NaOH (2.5 ml) was added to a solution of caffeic acid (3,
4-dihydroxycinnamic acid) (2.10 g) in HMPA (hexamethylphosphoric triamide) (150 ml),
and the mixture was stirred for 1 h under N» at room temperature. A solution of farnesyl
bromide (4.98 g) in HMPA (20 ml) was added dropwise for 10 min to the reaction mixture.

The reaction mixture was stirred for 24 h at room temperature, and poured in iced cooling
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H20 (300 ml). The organic layer, which was extracted with Et;0 (200 ml x 2), was washed
with brine (300 ml}, dried (MgSO;) and evaporated under reduced pressure to an oil (6.75 g).
The oil was chromatographed on silica gel (200 g) with a gradient solvent system of

CHCI3-EtOAc increasing the amount of 2% portions EtOAc stepwise to give 32 fractions.
Farnesyl caffeate (1.435 g,Y. 43.2%) was obtained from 10% EtOAc-n-hexane eluate (Fr.
12-18) as a pure white powder. Caffeic acid (1.025 g; Y. 48.8%), the starting material, was
recovered from 20% EtOAc-n-hexane eluate (Fr. 25-31).

Farnesyl caffeate: EI-MS: m/z 384 (M*,5%), 315, 204, 180, 163 (100 %), 135, 93,
69; HR-MS: m/z 384.2307, C4H3,04 requires 384.2300; Anal. Calcd for CyH304: C,
74.97; H, 8.39. Found: C, 74.85; H, 8.30; FT-IR (KBr) cm™; 3480 (OH), 3301 (OH), 1678
(C=0), 1600, 1278, 1183; UV (EtOH)Amanm (log £): 333 (4.15), 303 (4.00), 248 (3.90), 220
(4.03); 'H NMR (acetone-d): $1.56 (3H, s, CH3), 1.62 (3H, 5, CH3), 1.65 (3H, s, CH3), 1.76
(3H, s, CH3), 4.68 (1H, d, }=7.0Hz, H-1), 5.12 (2H, m, H-6’ and H-10"), 5.41 (1H, ¢, J=7.0
Hz, H-2’), 6.26 (1H, d, J=15.9 Hz, H-8), 6.87 (1H, d, J=8.2 Hz, H-5), 7.03 (1H, dd, J=1.8,
8.2 Hz, H-6), 7.15 (1H, 4, J=1.8 Hz, H-2), 7.53 (1H, 4, J=15.9 Hz, H-c), 8.26 (1H, brs,
-OH), 8.49 (1H, brs, -OH); *C NMR ((acetone-dg): 816.1 (¢, CHs), 16.4 (g, CH3), 17.7 (g,
CH3), 25.8 (g, CH;), 26.8 (t, CHy), 27.4 (¢, CHy), 40.1 (¢, CHy), 40.4 (t, CHy), 61.3 (¢, CH»),
115.1 (@, CH), 115.7 (d, CH), 116.3 (d, CH), 120.1 (d, CH), 122.4 (d, CH), 124.6 (d, CH),
125.1 (d, CH), 127.6 (s, C), 131.6 (s, C), 135.9 (s, C), 142.1 (s, C), 145.6 (d, CH), 146.3 (s,
O©), 148.7 (s, €), 167.3 (s, -COQ)).
Synthesis of Geranyl caffeate
Twenty five % NaOH (2.1 ml) was added to a solution of caffeic acid (2.00 g) in HMPA
(150 ml), and the mixture was stirred for 1 h under N, at room temperature. A solution of
geranyl bromide (3.10 g) in HMPA (20 ml) was added dropwise for 10 min to the reaction

mixture. The reaction mixture was treated further as described above to afford geranyl
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caffeate (1.48 g; Y. 61.4 %) as a white powder, and caffeic acid (0.56 g; Y. 28.0 %).

Gerany! caffeate: EI-MS: m/z 316 (M", 10 %), 247, 180, 163 (100 %), 136, 69; HR-MS: m/z
316.1682, C19H240;4 requires 316.1674; Anal, Calcd for CysH2404: C, 72.12; H, 7.65. Found:
C, 72.01; H, 7.68; FT-IR (KBr) cm™: 3483 (OH), 3295 (OH), 1678 (C=0), 1599, 1278,
1183; UV (EtOH)Amaxnm (log £): 334 (4.16), 302 (4.05), 249 (3.93), 222 (4.01); *H NMR
(acetone-ds): 81.60 (3H, s, CH3), 1.66 (3H, s, CH3), 1.75 (3H, s, CH3), 4.68 (1H, d, J=7.0Hz,
H-1’), 5.12 (1H, ¢, J=7.0 Hz, H-6’), 5.40 (1H, ¢, J=7.0 Hz, H-2"), 6.27 (1H, d, J=15.9 Hz,
H-B), 6.87 (1H, 4, J=8.2 Hz, H-5), 7.03 (1H, dd, J=2.0, 8.2 Hz, H-6), 7.16 (1H, 4, J=2.0 Hz,
H-2), 7.55 (1H, d, 1=15.9 Hz, H-), 8.28 (1H, brs, -OH), 8.50 (1H, brs, -OH); *C NMR
((acetone-ds): 616.4 (¢, CH3), 17.7(g, CHs), 25.8 (g, CH3), 27.0 (¢, CHy), 40.1 (¢, CH3), 61.3
(t, CHy), 115.1 (d, CH), 115.6 (d, CH), 116.3 (d, CH), 120.0 (d, CH), 122.4 (d, CH), 124.6 (d,
CH), 127.6 (s, C), 132.0 (5, C), 142.1 (s, C), 145.6 (d, CH), 146.3 (s, C), 148.7 (s, C), 167.3

(s, -CO0)).

Plasmid construction

Plasmids were constructed for the expression of RXRa, FXR and RARs. The ORF regions
of human RXRa, human FXR, mouse RARal, mouse RARB2, and mouse RARy!
(accession numbers X52773, U68233, X57528, S56660, X15848) were amplified by PCR
and inserted into pcDNA3.1 (Invitrogen, Carlsbad, CA, USA), respectively. For reporter
plasmids, the luciferase region of the pGL3-Control Vector (Promega, Madison, WI, USA)
was replaced with the EYFP fragment of pEYFP-N1 or the ECFP fragment of pECFP-N1
(Clontech, Palo Alto, CA, USA) using Ncol and Xbal sites. Subsequently, the simian virus
40 (SV40) early promoter was cut out with Bglll and HindIll, and replaced with the
thymidin kinase (TK) promoter of the pRL-TK vector (Promega) or one of several other

promoters (the 3’ region of the TK promoter, the cytomegalovirus (CMV) promoter, or the
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