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Introduction

Dopamine receptors are known to play important rolesin
theregulation of cardiovascular function, renal function and
systemic blood pressuré™. Based on their structures and
pharmacol ogy®*, the receptors are divided into 2 subfa-
milies: D1-likeand D2-like. They al belong to the cell-sur-
face G-protein coupled receptor (GPCR) super family. D1-
likereceptors, including receptor 1 (D1R) and receptor 5(D5R),
mainly coupleto stimulatory G proteins (Gs). For D2-like
receptors, which consist of receptor 2 (D2R), receptor 3 and
receptor 4, they mainly link toinhibitory G proteins (Gi).
The activation of D1-like receptors stimulates adenylyl cy-
clases (AC), increases the intracel lular cAMP level which
consequently activates cAMP responsive €l ements (CRE)
and regulates the expression of target genes that are con-
trolled byCRE*®. Asfor D2-likereceptors, the activation of
receptors generate opposite effects since they link to the Gi
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Abstract

Aim: Tofind human dopamine receptors, especially D1-like receptor specific ago-
nistsfrom Chinese herbsaspotential antihypertension drugleads. M ethods: Two
D1-likereceptor cell linescarrying aB-lactamase reporter gene, and a D2 receptor
cell linecoexpressing apromiscuous G protein G15were constructed usng HEK 293
cels. A natural compound library made from fractionated samples of herbal ex-
tracts was used for high-throughput screening (HTS) against one of the cell lines,
HEK/D5R/CRE-blax. Theinterested hitswere eval uated for their activities against
various dopaminereceptors. Results: Fourteen hitswereidentified from primary
screening, of which 2 of the better hit samples, HD0522 and HDOO059, were selected
for further material and activity analysis, and to obtain 2 compounds that ap-
peared as 2 single peaks in HPLC, HD0522H01 and HDO059H01. HDO059HO01
could activate D1, D2, and D5 receptors, with EC5, values of 2.28 pg/mL, 0.85 pg/
mL, and 1.41 pg/mL, respectively. HD0522H01 could only activate D1R and D5R
with ECy, values of 2.95 pg/mL and 8.38 ug/mL. Conclusion: We established cell-
based assays for 3 different human dopamine receptors and identified specific
agonists HD0522H01 and HDOO059HO1 through HTS. The specific agonist to D1-
like receptors, HD0522H01, may become a new natural product-based drug lead
for antihypertension treatment.

protein and inhibit AC activity!.

In the periphery system, dopamine receptors regul ate
blood pressure by altering renal hemodynamics, increasing
renal sodium and water excretion via effects on renal proxi-
mal tubule epithelial cdls, inhibiting sodium uptakein the
gastrointestine, and rel easing renin, al dosterone and vaso-
pressint™, Inthe central systems, dopamine can act on the
“appetite” center in the brain to regulate sodium and fluid
intake™?.

Although all 5 dopamine receptor subtypes participate
in the regulation of blood pressure, they seem to influence it
by different mechanisms and various degrees. The activa-
tion of renal D1-like receptors has natriuretic and diuretic
effects, mainly because D1-like receptors can inhibit Na,H-
exchanger and Na,K-ATPase on the renal proximal tubular
cell membrane by cAMP and cAMP-independent path-
ways®* . Na,H-exchanger and Na,K-ATPase are respon-
siblefor reabsorbing sodium and water from the renal proxi-
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mal tubular luminato the blood circulation. Thus, D1-like
receptors can facilitate sodium and water excretion, result-
ing in lowering blood pressure™>*®. Many reports havein-
dicated that abnormalitiesin dopamine biosynthesis or de-
fectsin D1-like receptors may play an important rolein the
pathogenesis of hypertension®”**1"18_ The uncoupling of
D1-likereceptorsfromtheir G protein, possibly resulting from
abnormalities and/or disabilities of GPCR kinases™®, may
contribute to genetic hypertension®23, D5R can inhibit the
activity of phaspholipase D2 (PLD2), and impaired D5R regu-
lation of PLD2 may play arolein hypertension pathogenesis
(23 Furthermore, both D1R and D5R mutant mice devel oped
hypertension™?4, On the contrary, the role of the D2-like
receptor in the regulation of blood pressureis not yet well
defined. All 3 D2-like receptorsknockout micewerereported
as hypertensivé® %", and the reports indicate that the acti-
vation of D2-likereceptorsinhibit Na,H-exchanger™®. Some
other reports suggest that the activation of D2-like recep-
tors produces antidiuresis and antinatriuresig?®,

Currently, therearesevera D1-likereceptor agonistsused
as antihypertension drugsin the clinic, such as fenoldopam
and dopexaming®~=3, However, these 2 drugs are used only
for hypertensive crises and in intensive care. Fenoldopam
has poor bioavail ability and may case all ergic-typereactions,
while dopexamine can activate multiple receptors and must
be administered intravenously. The devel opment of new
antihypertension drugs remains an important task for the
pharmaceutical industry. In China, many herbs have been
used for the treatment of hypertension in the practice for
many centuries. The natural compounds from these herbs
could provide arich source in the search for new candidates
for antihypertension drugs. To explore this possihility, we
used an in-house made, herb-based natural compound li-
brary®®! and devel oped cell-based dopamine receptor assays
to perform high throughput screenings (HTS). Inthisarticle,
we describe in detail the process of assay development for
dopamine receptors, compound screening using these as-
says and hit compounds identification. Our work provides
an alternative vision of how to use herb medicinesand away
to develop antihypertension drugs.

Materials and methods

Plasmid construction Themouse G15 cDNA wasdoned
by RT-PCR of mRNA from murine blood cell, using primers
5-CGCGGATCCACCATGGCCCGGTCCCTGACT-3'and5-
CGCGGATCCTCACAGCAGGTTGATCTCGTCC-3,which
were designed based on the G15 sequences (Gene Bank Ac-
cession No M80632). The G15 gene was inserted into a

mammalian expression vector, plRES (Clontech, Palo Alto,
CA,USA), theresulting plasmid wasnamed plRES/G15. The
4xCRE containingathymidinekinase(TK) minimum promoter
was synthesized and inserted into pcDNA1.1-blax/neo+
(Invitrogen, San Diego, CA, USA) to produce pcDNA1.1-
4xCRE-blax/neot asareporter. Human D1 (Gene Bank Ac-
on No NM_000794) and D5 receptors (Gene Bank Ac-
cession No BC009748) were coned by PCR from human ge-
nomeDNA. TheprimersusedwereD1R5-CTGGATCCAA-
GATGAGGACTCTGAACACCTC-3and5-CTGGATCCTC-
AGGTTGGGTGCTGACCGTTTTG-3; D5R 5-CGCGGATC-
CACCATGCTGCCGCCAGGCAGCAACGG-3and5-CCGCT-
CGAGGAGGGGGTTTCTTAATGCAG-3. Thedoned D1R
and D5R wereinserted intoamammalian expression vector,
pcDNA3.1-hygro(+) (Invitrogen,Carlsbad, CA, USA), to gen-
erate pcDNA3.1-hygro-D1R and pcDNA3.1-hygro-D5R.
Human D2 receptor (transcript variant 1, Gene Bank Acces-
sion No NM_000795) cDNA was obtained from RT-PCR of
mMRNA fromahuman brainusng primers, 5-GGAGGCGGCC-
GCGCGTGGATGCG-3and5-CCCTCGAGTCAGCAGTGG-
AGGATCTTCAGGAAG-3'. The D2R was inserted into a
mammalian express on vector, pM T8, togeneratepMT8-D2R.
All of the above cloned genes were verified by DNA
sequencing.

Cell culture, transfection and clone selection The hu-
man embryonic kidney cell line, HEK-293, was culturedin a
humidified 5% CO, atmosphereat 37 °Cin Dulbecco’' sModi-
fied Eagle’ s Medium supplemented with 10% fetal bovine
serum, and 2 mmol/L L-glutamine. pcDNA 1.1-4xCRE-blax/
neo+ and plRES/G15 were transfected to HEK-293 respec-
tively, usng Lipofectamine 2000 (Invitrogen,Carlsbad, CA,
USA). Thecellswere selected by theaddition of 0.7 mg/mL
G418 in the culture medium for 10-14 d. Theisolation of
HEK/CRE-blax cdll cloneswere performed by stimulation of
cdlular cloneswith forskolin (1 pmol/L). Theclones, which
turned to blue from green under fluorescence microscopy
detection were individually isolated. The sequential trans-
fection of plasmid containing human D1R or D5R geneswas
carriedout toobtain HEK/D1R/CRE-blax and HEK/D5R/CRE-
blax stable cell lines. The transfected cells were selected
under a medium containing 0.2 mg/mL hygromycin. These-
lection of receptor positive clones was achieved by the stimu-
lation of cells with 10 umol/L dopamine in assay medium
(serum-free Dulbecco’s Modified Eagle Medium (DMEM)
with 0.1% bovine serum albumin). plRES/G15 cell clones
wereidentified by transiently transfecting a plasmid vector
expressing Muscarinic M2 receptor (M2R). Thecloneswith
better calcium flux signal in the M2R activation assay (internal
unpublished method) were selected as the parental cell line.
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The transfection and clone selection of D2R is the same as
described for the D1-like receptor, except that the assays for
the selection process were based on intracellular calcium
flux.

Herbal extr action and natural compound library Sixty
five herbal plantswith therapeutic indicationsfor hyperten-
sion treatment based on traditional Chinese medicine (TCM)
were collected from aherb market in Anguo, Northern China.
Theherbs (100 g each, dry weight) were soaked in 90% etha-
nol for 12 h and extracted by ultrasonic for 40 min. The
remainswere extracted again with 50% ethanol for 12 h and
by ultrasonic for 40 min. The extracted solventswere com-
bined and filtered and lyophilized usng a Freeze Dry System
Plus 6 (Labconco, Kansas City, MO, USA). The lyophilized
sampleswereresolved in ethanol and were subjected toHPLC
fractionation using a Shimadzu 10A VP-HPLC system
(Shimadzu Co, Kyoto, Japan). The fractionated samples (16
fractions for each extract) were lyophilized again, then re-
dissolved in dimethyl sulphoxide (DM SO) and stored in 96-
well sample plates at -80 °C for assaysand screening.

B-lactamase assay high throughput screening Thecells
were seeded at 2x10°cells'well, in black d ear-bottom 96-well
microplates (Corning Incorporated, Corning NY, USA). One
d after, the medium was replaced by assay medium and then
the cells were continually cultured overnight. Ond 3, the
compounds in the assay medium, along with the controls,
were added into the platesfor theassay. After 5h stimulation,
CCF4/AM (Invitrogen,Carlsbad, CA, USA ) was loaded into
the cell s based on the protocol from the dye provider, and
the cells were then incubated at room temperature for an
additional 1-2 h in the dark™!. The plates wereread in the
Analyst plate reader (Molecular Devices, Sunnyvale, CA,
USA) with 405 nm excitation and 460 (bluefluorescence) and
530 nm (green fluorescence) emission™!. The datawasplot-
ted as aratio of the emissions at 460 and 530 nm. Two cell
controls, 2 DM SO (1% or 0.5%) controls, 2 dopamine con-
trols (positive) and 2 medium controls (background) were
included in each platefor HTS. Hitsthat showed activity in
the screening wereidentified, and a reconfirmation assay
was performed for activity verification.

Fluor escent Ca?*-mobilization assay The cells were
seeded into matrigel -coated, 96-well black dear-bottom plates
at thedensity of 3x10%cells'well. Ond 2, 100 uL dyeloading
buffer from a HDB WASH Free Calcium Assay Kit (HD
Biosciences, Shanghai, China) wasadded, and then the plates
wereincubated for 1 h at 37 °C. The assay plate was placed
inthe FlexStation 11 (Molecular Devices), followed by stimu-
lation using 50 pL of 5xconcentrated compounds, and real -
time read at 485 nm excitation and 525 nm emission wave-
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lengths to determine fluorescent responses.

| solation and identification of hit compoundsfrom her bs
The herbsthat possess activity (hit samples) were extracted
with alarger scale and were HPL C fractionated as described
earlier. Theactivefractionswerefurther isolated until single
peakswereachieved in an effort to obtain single compounds.
The isolated compounds were subjected to activity verifica-
tion using the HEK/D5R/CRE-blax assay cell lineaswell as
parental control cells (HEK/CRE-blax), and the dose respon-
sive curve determination using respective receptor assay
cdl lines.

Results

B-lactamaseassay for D1IR and D5R D1Rand DSRare2
Gs-coupled GPCR. Wetransfected 2 vectors carrying cONA
of D1IR or D5R, to aparental cell line, HEK/CRE-blax. After
anti bi oti cs sd ection and dopamine screening, we obtained 2
cdllines HEK/D1R/CRE-blaxandHEK/D5R/CRE-blax, which
express both receptor gene and reporter gene. Stimulated
by dopamine or fenoldopam, a D1-like receptor agonist, the
cells showed the expression of B-lactamase and the activity
of the enzyme, which could be reflected by cleavage of CCF4
substrate and ratio change of fluorescence emission at 460
to 530 nm. Theresponses to agonist stimulation werein a
dose-dependent manner (Figure 1A,B).

HEK/D2R/G15 cell line The D2R has been reported to
coupleto the Gi proteint. In order to perform a cell-based
functional assay, we transfected the D2R geneinto a HEK/
G15 parental cdll line and established a HEK/D2R/G15 cell
line. With the sdected cell line, we could value D2R activity
by measuring intracel lular Ca® mobilization. Figure 2 shows
theresult that dopamine can induce Ca?* mobilizationin HEK/
D2R/G15 cdl line (Figure 2A) and that theinduction wasin a
dose-dependent manner with ECy, values of 41 nm (Figure
2B).

Screening for D1-like receptors agonists The HEK/
D5R/CRE-blax was adopted to perform a HTS to identify
dopamine receptor agonists from about 1000 HPLC fraction-
ated samples from our herb extracts. Figure 3 shows an
example of a data set from the screening of 700 diverse
samples. Asdescribed earlier, the fold-change of 460 nm/
530 nm ratio caused by cleavage of CCF4 substrate was used
for hit compound identification. TheZ’ values® from the
screening ranged from 0.61 to 0.88 (>0.5 was considered
acceptable). Fourteen sampleswere demonstrated with more
than 5 folds of activation, and were retested for their activi-
ties using fresh dilution from the same DM SO compound
stocks. A test using parental HEK/CRE-blax cellswas aso
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Figure 1. Dose response curves of different stimuli on D1R and D5R
cells. A: on HEK/D1R/CRE-blax cell line; B: on HEK/D5R/CRE-blax
cell line. Dose response of p-lactamase activity as monitored with
Analyst HT plate reader upon treatment with ligand. Assay was done
according to the procedure described in the Materials and methods.
Data represent meanstSEM for triplicate samples. ECg, value for
dopamine dose response was determined using GraphPad Prism 4
software.

conducted to ensure that the activation of reporter was not
due to the non-specific stimulation of signaling pathways
by selected hit compounds.

I dentification of hit compounds Twoherbs, HD0522 and
HDO0059, which generated fractionated samples and showed
the better activitiesin the screening, were picked for further
compound isolation and structure-activity relationship study.
These active fractions were further purified by HPLC, and
each single HPL C fraction was subsequently tested for its
activity using the HEK/D5R/CRE-blax assay cell line. With
this process, we finally obtained 2 single HPL C fractions
(HD0522H01 and HDO059H01). Figure4 showsHPLC isola
tion of HD0522H01 and HDO059HO1. The assays for their
activities toward D5R generated robust response (data not
shown).

Hit compound specificity To find the possibility that
HD0522H01 and HD0059H01 possess agoni st specificity to-
ward different dopamine receptors, we first examined their
activitiesagaing 2 dopaminereceptors (D1R, D2R, and D5R).
Both samples demonstrated activities on both D1R and D5R
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Figure 2. Dose response of dopamine on HEK/D2R/G15 cells. A:
The picture shows the raw calcium flux data taken from FlexStation
II. Assay was done according to the procedure described in the Mate-
rials and Methods. B: Graph shows the dose response curve and ECg,
value for dopamine determined using GraphPad Prism 4 software.
Data represent meanstSEM for triplicate samples.
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Figure 3. A scatter plot of $-lactamase activity (folds to cell control)
from the initial HTS of the 700 fractions. The hollow squares are
positive controls (dopamine 10 pmol/L). Samples (black triangles)
with at least three fold of 460/530 nm ratio induction towards cell
controls (the dotted line represents the three fold cutoff value) were
depicted as active hits in this HTS, which are demonstrated by
asterisks. DM SO control are shown in black rhombuses.

(Figures 5, 6). The significant difference was observed in
thetest using D2R assay. While HDO059HO1 could activate
D2R in a dose-dependent manner with the EC,, of 0.85
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Figure 4. HPLC chromatograms show the isolations of HD0522H01 and HD0O059H01. A-C: single peak, HD0522H01, isolated; D-F:
HDOO059HO01 isolation process. The arrows indicate the positions of active fractions on the chromatograms.

ug/mL (Figure5), HD0522H01 had no effect on the stimula-
tion of HEK/D2R/G15 cells. The results suggest that
HDO0522H1 isan agonist specific to D1-like receptors, and
HDO059HO01 is more like a non-specific agonist for general
types of dopamine receptors. Another test is to find pos-
sible non-specific interactions between these 2 compounds
with other GPCR. Therewas no stimulation effect between
the 2 compounds and receptors that we tested (histamine
H2, H4 receptors; mGIuR2; data not shown). Theresults
indicate that the 2 compounds are dopamine-specific
agonists.
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Discussion

Dopamine and renal dopamine receptors, especially D1-
like receptors, play an important role in the regulation of
sodium and body volume homeostasis. A defective renal
dopaminergic system contributes to the development and
maintenance of hypertension™*4. D1-likereceptor agonists
have been used in the therapy of clinic hypertension and
relative diseases. D1-likereceptors, D1IR and D5R, are very
similar in their structural and pharmacological characteris-
tics and both couple efficiently to the Gs protein. In this
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Figure 5. Two single peaks dose response curves on
different cdll lines. A: Dose response curves of HDO059HO01
on D1R, D5R, D2R, and HEK/CRE-blax cell lines.
Dose response curve of dopamine on D5R cell line. B:
Dose response curves of HD0522H01 on D1R, D5R,
D2R, and HEK/CRE-blax cell lines. Dose response
curve of dopamine on D1R cell line. ECy, values for the
two single fractions determined using GraphPad Prism
4 software. Data represent means+SEM for duplicate
samples. The DM SO concentration was 1%, which
meant 1 pL DMSO in 100 pL medium.

Figure 6. Photographs of HEK/D5R/CRE-blax cells with HD0522H01-induced [3-lactamase expression. Cells were grown in 96-well plates
and incubated for 5 h with medium or stimulated with several concentrations of agonist (from top left to bottom right, the concentrations used
arel0 ng/mL, 1 pg/mL, 5 pg/mL, 17 pg/mL, 100 pg/mL, and 170 pg/mL) as described in Material and Methods. After a 2-h incubation with the
CCF4, cells were analyzed on an Olympus | X70 fluorescent microscope with a 3-lactamase filter set, x200.

study, we used the CRE element in conjugating with a
reporter gene, B-lactamase, for the receptor activity assays,
screening and the eval uation of natural agonist compounds.
B-lactamase isa bacterial enzymeand has been widely used
as areporter geneto detect and quantify target gene expres-
soninmammalian cd %%, Thep-lactamasereporter gene
system isamenablefor HT S becauseit utilizes afluorometric
readout on live cells so that cellular lysis or washes are not

required to detect signals. An additional advantage of this
B-lactamase reporter assay isthat the detection isbased on
a self-quenched, fluorescence resonance energy transfer
substrate, cell-permeable CCF4-AM. Upon stimulation by
an agonist, D1-like receptor-expressing reporter cells show
an induction of B-lactamase activity in our reporter gene
system. The production of 3-lactamasein this reporter cell
line, the subsequent cleavage of the CCF4 substrate, and
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the generation of blue fluorescent cells can be attributed to
the activation of signal transduction, initiated by the activa-
tion of D1-like receptors. The changein color of fluores-
cence provides a simple and sensitive way of visualizing
whether the expression of B-lactamase is activated, and
whether a cell population is homogenous. This receptor-
reporter gene assay has been optimized into a sensitive,
robust, high-throughput screening assay executed in a 96-
well microplateformat.

Using the HT'S assay system, we obtained 14 active hits
against DSR. Thetest of these hitsusing the HEK/CRE-blax
parental cell line generates negative reporter gene response,
demonstrating that these hit compounds have no self-fluo-
rescence and are all receptor specific. The 2 best hits,
HD0522H01 and HDO059H01, were purified usng HPLC in
the highest possibility in our current experiment condition.
The purity was reconfirmed by a change of elution condition
and columns. It has been a common phenomenon that the
purification of single compounds from natural productsre-
sultsin theloss of activity™. Our work provides an example
for successfully tracing possible single active components
from extracts of herbal plants. In a separate test, both
HD0522H01 and HDO059HO01 exhibited no cross activities
with several other GPCR in the same type of cell-based
assays, suggesting that they are not universal agonists that
arecommonly seen in many HTS hit identification processes.

To study these 2 hits' specificities among different
dopamine receptor subtypes, we established a D2R assay
cell line, HEK/D2R/G15. The D2R belongsto a Gi-coupled
receptor group. In their native environment, the activation
of receptors can not produce significant intracellular cal-
cium flux for the assays. The promiscuous G proteins, G15
and G16, bd ong to the Gq protein family, but they can couple
to avariety of GPCR, not only Gg-coupled GPCR, but aso
Gi- and Gs-coupled GPCR***, Our study showsthat D2R
couplesto G15, resulting in the activation of the I P3 path-
way and increase of cellular calcium concentration, so we
used the G15 protein in D2R screening by measuring the
changes of intracellular cal cium concentration.

One of the important findings in this work is that
HDO059HO01 could activate all 3 dopamine receptors (D1R,
D5Rand D2R), in adose-dependent manner, but HD0522H01
possessed receptor specificity. Thelater hit could only ac-
tivate D1-like receptors. Based on current understandings
of the relationship between dopamine receptors and
hypertension, it seems that HD0522HO01 is a better candidate
asan antihypertension drug. On theother hand, HDOO59H01
also originated from aherb with antihypertension indication.
The results may provide evidence that the agonists without
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the high specificity could also be used for hypertension
treatment. Furthermore, the studies we conducted and the
results from the studies indicate the possible mechanisms of
those herbsin their effects on the treatment of hypertension.

Taken together, our study has identified 2 dopaminere-
ceptor agonists, HD0522H01 and HDO059HO01, from herb-
based natural products. One of them, HD0522H01, isaD1-
like receptor specific. The hit compounds could be good
candidates as potential antihypertension drug leads. The
specific hit, HD0522H01, might be more promising because
the D1-like receptors seem to be more closely related to
hypertension, the treatment of hypertension, and are less
likely to cause side effects.
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