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Suberosin inhibits proliferation of human peripheral
blood mononuclear cells through the modulation
of the transcription factors NF-AT and NF-jB
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Background and purpose: Extracts of Plumbago zeylanica containing suberosin exhibit anti-inflammatory activity. We purified
suberosin from such extracts and studied its effects on a set of key regulatory events in the proliferation of human peripheral
blood mononuclear cells (PBMC) stimulated by phytohemagglutinin (PHA).
Experimental approach: Proliferation of PBMC in culture was measured by uptake of 3H-thymidine; production of cytokines
and cyclins by Western blotting and RT-PCR. Transcription factors NF-AT and NF-kB were assayed by immunocytochemistry
and EMSA.
Key results: Suberosin suppressed PHA-induced PBMC proliferation and arrested cell cycle progression from the G1 transition
to the S phase. Suberosin suppressed, in activated PBMC, transcripts of interleukin-2 (IL-2), interferon-g (IFN-g), and cyclins D3,
E, A, and B. DNA binding activity and nuclear translocation of NF-AT and NF-kB induced by PHA were blocked by suberosin.
Suberosin decreased the rise in intracellular Ca2þ concentration ([Ca2þ ]i) in PBMC stimulated with PHA. Suberosin did not
affect phosphorylation of p38 and JNK but did reduce activation of ERK in PHA-treated PBMC. Pharmacological inhibitors of
NF-kB, NF-AT, and ERK decreased expression of mRNA for the cyclins, IL-2, and IFN-g and cell proliferation in PBMC activated
by PHA.
Conclusions and Implications: The inhibitory effects of suberosin on PHA-induced PBMC proliferation, were mediated, at
least in part, through reduction of [Ca2þ ]i, ERK, NF-AT, and NF-kB activation, and early gene expression in PBMC including
cyclins and cytokines, and arrest of cell cycle progression in the cells. Our observations provide an explanation for the anti-
inflammatory activity of P. zeylanica.
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Introduction

Plumbago zeylanica Linn. belongs to the Plumbaginaceae

family and is commonly used in traditional Chinese

medicine for the treatment of tissue inflammation (Li,

1998). Both naphthoquinone and b-sitosterol components

have been isolated from P. zeylanica and demonstrated to

possess antitumor and antioxidative activities (Lin et al.,

2003; Nguyen et al., 2004; Tilak et al., 2004). Although this

plant has been utilized in Chinese herbal medicinal

prescriptions for improvement of tissue inflammation for

a long time, there has been a relative scarcity of definitive

evidence to establish its immunopharmacological activity.

In a previous study, we found that the ethanolic extracts

of P. zeylanica inhibited proliferation and interleukin-2 (IL-2)

production in peripheral T lymphocytes activated by phyto-

hemagglutinin (PHA) (Yang et al., 1999). In order to identify

the active ingredients in this plant that are responsible for its

possible clinical effects, pure compounds from P. zeylanica

were evaluated in immune response assays.
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There is now convincing evidence that cytokines secreted

by T lymphocytes such as IL-2 and interferon-g (IFN-g)
in response to antigen stimulation play a role in tissue

inflammation (Arai et al., 1990; Kountouras et al., 2004;

Rathmann et al., 2004). One of the therapeutic objectives

in tissue inflammation is to reduce the local inflam-

matory response through the reduction of the activation

and proliferation of inflammatory cells and of the produc-

tion of inflammatory cytokines. Blockade of the activation,

proliferation and cytokine production by T lymphocytes

is one such anti-inflammatory goal (Arai et al., 1990). The

activation and proliferation of lymphocytes are highly

regulated processes involving the ordered expression of

a series of control genes such as IL-2 and IFN-g (Cantrell,

1996). Proliferation of all eukaryotic cells is under strict

regulation and is governed by checkpoints located at distinct

points in the cell cycle (Norbury and Nurse, 1992). In cells,

transition through G2/M is controlled by cyclins A and B.

A distinct class of G1 cyclins involving cyclins D and E

regulates the progression of the cell cycle at the G1/S transi-

tion (Parde, 1989; Lew et al., 1991). Following interaction

with an antigen or a mitogen, a cascade of intracellular

signal-transduction pathways involving Ca2þ mobilization,

nuclear factor of activated T cells (NF-AT), nuclear factor kB

(NF-kB) and mitogen-activated protein kinases (MAPK) is

triggered in T lymphocytes, which leads to activation and

transcription of a variety of different genes including

cytokines and cyclins and entry into the cell cycle (Rao

et al., 1997; Edward, 2000; Dong et al., 2002).

Calcium is a major second messenger that is triggered

during the cell cycle and by growth factor stimulation. A

reduction of the intracellular Ca2þ concentration ([Ca2þ ]i)

would lead to impairment of IL-2 production in T lympho-

cytes and peripheral blood mononuclear cells (PBMC)

(Cantrell, 1996). One of the downstream effects of increased

[Ca2þ ]i is regulation of NF-AT dephosphorylation and its

subsequent nuclear translocation (Rao et al., 1997). NF-AT is

required for activation and proliferation of T lymphocytes

(Rao et al., 1997). The transcription factor NF-kB exists in an

inactive form, associated with IkB proteins, in the cytoplasm

of quiescent cells. Phosphorylation of IkB and subsequent

degradation enables NF-kB to translocate to the nucleus

(Gilmore and Morin, 1993). NF-kB has been shown to

participate in cell proliferation and transformation (Edward,

2000). By coordinated binding of NF-kB and NF-AT, the

induction of a defined genetic program is initiated that leads

to the production of cyclins and cytokines such as IL-2 and

IFN-g (Sica et al., 1997; Kennedy et al., 1999). Concurrently,

the recruitment and assembly of a number of phosphory-

lated-protein complexes cause signal transduction of MAPK.

In mammalian cells, MAPK comprise the extracellular signal-

regulated protein kinase (ERK), p38 kinase and c-Jun NH2-

terminal kinase (JNK) (Dong et al., 2002). The activation of

ERK is involved in proliferation of T cells and PBMC (Arnaud

et al., 2004). Inhibition of JNK and p38 causes inhibition of

IFN-g production (Yang et al., 1998). Activity of the MAPK

phosphorylation system is essential for the entry of T cells

and PBMC into the cell cycle (Zornig and Evan, 1996).

Growth modulators or other external events that affect the

proliferation of T cells and PBMC are ultimately likely to act

by controlling the expression or function of these genes and

signals (Ajchenbaum et al., 1993; Cantrell, 1996).

In the present study, suberosin was purified from ethanolic

extracts of the roots of P. zeylanica and PHA-stimulated

PBMC were used as target cells. The PBMC are a mixture

of T cells, B cells and monocytes/macrophages (Charles

et al., 1997). PHA is a mitogen for T lymphocytes. It binds

to N-acetylgalactosamine glycoproteins expressed on the

surface of T cells thus inducing the cells to proliferate

(Charles et al., 1997). To elucidate the effects of suberosin

on PBMC proliferation, the uptake of tritiated thymidine

was utilized to detect total cellular DNA synthesis in the

cultures. In addition, we determined the actions of suberosin

on cell cycle progression, production and gene expres-

sion of cytokines and cyclins, Ca2þ mobilization and acti-

vation of NF-AT, NF-kB, and MAPK in PBMC induced by

PHA and examined their roles in regulation of PBMC

proliferation.

Methods

Source of P. zeylanica

P. zeylanica was collected at Wulai, Taiwan and identified by

Dr Lie-Chwen Lin. A voucher specimen has been deposited

in the herbarium of the Department of Botany of the

National Taiwan University (no. 1732).

Suberosin purified from P. zeylanica

The roots of P. zeylanica (2.2 kg) were air-dried and cut into

small pieces before grinding. The ground roots were then

extracted with 95% ethanol three times at room tempera-

ture. The solvent was removed under reduced pressure and

the residue was partitioned between H2O and n-hexane,

followed by ethyl acetate (EtOAc) and n-butanol. The

organic layers were combined and concentrated to yield

the crude extracts (21 g). The sample, absorbed on silica gel

(sample/adsorbent (v/v)¼1/8), was subjected to dry flash

column chromatography. Sufficient n-hexane was passed

through the column to expel all the air. An extensive

gradient elution was then employed using n-hexane and

EtOAc to yield 13 fractions. The like fractions were combined

to give seven main fractions with monitoring by the

lymphoproliferation test and thin-layer chromatography

(TLC) and the solvent was removed under reduced pressure.

Each combined fraction was further purified by rechromato-

graphy and recrystalization. Suberosin (26.4 mg; C15H16O3;

MW 244; Figure 1a) was isolated from fraction 3. The nuclear

magnetic resonance (NMR) and mass spectral data for

suberosin were: 1H NMR (CDCl3) d 1.67 (3H, s, �Me), 1.73

(3H, s, �Me), 3.27/3.28 (each 1H, H2-10), 3.86 (3H, s, OMe-7),

5.25 (1H, t, J¼1.5Hz, H-20), 6.19 (1H, d, J¼9.5Hz, H-3), 6.74

(1H, s, H-8), 7.15 (1H, s, H-5), 7.59 (1H, d, J¼ 9.5Hz, H-4); 13C

NMR (CDCl3) d 17.7 (30-CH3), 25.8 (30-CH3), 27.7 (C-10), 55.8

(7-OCH3), 98.4 (C-8), 111.8 (C-4a), 112.7 (C-3), 121.3 (C-20),

127.4 (C-5), 133.6 (C-30), 143.6 (C-3), 154.4 (C-8a), 160.6

(C-7), 161.5 (C-2); APCIMS m/z 245 [MþH]þ , that were

identical with those previously reported for suberosin (Nayar

and Bhan, 1972; Lin et al., 2003). The purity of suberosin was
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estimated at 96.038% with a high-performance liquid

chromatography (HPLC) purity program. Suberosin was

dissolved in dimethylsulfoxide (DMSO) to a concentration

of 100 mM and then stored at 41C for use.

Human subjects

Twenty healthy male subjects (24–32 years, mean age 27

years) were chosen for this investigation. The experimental

protocol had been reviewed and approved by the institu-

tional human experimentation committee. Written in-

formed consent was obtained from each and every subject.

Preparation of PBMC

Heparinized human peripheral blood (35 ml) were obtained

from healthy donors. PBMC were isolated by the Ficoll–

Paque (specific gravity 1.077) gradient density method as

described previously (Kuo et al., 2000). The peripheral blood

sample was centrifuged at 850 g, 41C for 10 min to remove

the plasma. Blood cells were diluted with phosphate-

buffered saline (PBS; pH 7.2) then centrifuged in a Ficoll–

Paque discontinuous gradient at 420 g for 30 min. The PBMC

layer was collected and washed with cold distilled water and

10� Hanks’ buffer saline solution (HBSS) to remove red

blood cells. The cells were resuspended to a concentration

of 2�106 cells ml�1 in Rosewell Park Memorial Institute

medium (RPMI)-1640 medium supplemented with 2% fetal

calf serum (FCS), 100 U ml�1 penicillin and 100mg ml�1strep-

tomycin.

Lymphoproliferation test

The lymphoproliferation test was modified from previously

described (Kuo et al., 2003). The DNA synthesis in proliferat-

ing cells was labeled with tritiated thymidine. The density of

PBMC was adjusted to 2�106cells ml�1 before use. 100 ml of

cell suspension was applied into each well of a 96-well flat-

bottomed plate (Nunc 167008, Nunclon, Raskilde, Denmark)

with or without 5mg ml�1 PHA (Sigma Chemical Co.,

St Louis, MO, USA) or anti-CD3 (2 mg ml�1) and anti-CD28

(1mg ml�1) antibodies (BD Biosciences, San Diego, CA, USA).

Suberosin (6.25–100 mM) or various pharmacological inhibi-

tors including the NF-AT inhibitor cyclosporin A (2 mM), the

NF-kB inhibitor pyrrolidine dithiocarbamate (PDTC; 25 mM)

and the ERK inhibitor U0126 (12.5 mM) were added to the

cells. The plates were incubated in 5% CO2–air humidified

atmosphere at 371C for 3 days. Subsequently, tritiated

thymidine (1mCi; NEN) was added to each well. After 16-h

incubation, the cells were harvested on glass fiber filters

by an automatic harvester (Dynatech, Multimash 2000,

Billingshurst, UK). Radioactivity in the filters was measured

by liquid scintillation counting. The inhibitory activity of

suberosin on PBMC proliferation was calculated by the

following formula:

inhibitory activity ð%Þ

¼ control groupðCPMÞ � experiment groupðCPMÞ
control groupðCPMÞ �100

Determination of IL-2 and IFN-g production in PBMC

PBMC (2�105cells well�1) were cultured with PHA alone,

anti-CD3 (2 mg ml�1) and anti-CD28 (1mg ml�1) antibodies,

or in combination with varying concentrations of suberosin

for 3 days. The cell supernatants were then collected and
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Figure 1 Suberosin and its effect on PBMC proliferation and
viability. (a) The structure of suberosin isolated from P. zeylanica.
(b) PBMC (2�105 well�1) were treated with the indicated concen-
trations of suberosin with or without PHA (5mg ml�1) for 3 days. The
proliferation of cells was detected by tritiated thymidine uptake
(1 mCi well�1). After a 16-h incubation, the cells were harvested by an
automatic harvester, then radioactivity was measured by liquid
scintillation counting. (c) PBMC (2�105) were stimulated with or
without PHA (5mg ml�1) and treated with medium, 0.1% DMSO, or
the indicated concentration of suberosin for 4 days. Numbers of
total, viable and non-viable cells were counted after trypan blue
staining. Each bar represents the mean7s.d. of three independent
experiments with PBMC from different individuals. *Po0.05,
**Po0.01, ***Po0.0001: vs the cells treated with DMSO and PHA.
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assayed for IL-2 and IFN-g by enzyme immunoassays (EIA;

R&D Systems, Minneapolis, MN, USA).

Extraction of total cellular RNA

PBMC (5�106) were activated with or without PHA and

cocultured with 100mM of suberosin or various pharmacolo-

gical inhibitors. PBMC were collected and lysed by RNA-Bee

(Tel-Test Inc., Friendswood, TX, USA). After centrifugation,

the supernatants were extracted with a phenol–chloroform

mixture. The extracted RNA was precipitated with 100% cold

ethanol. The total cellular RNA was pelleted by centrifuga-

tion and redissolved in diethyl pyrocarbonate (DEPC)-

treated H2O. The concentration of RNA was calculated by

measuring the optical density at 260 nm.

Reverse transcription-polymerase chain reaction (RT-PCR)

The RT-PCR was performed by a method described previously

(Kuo et al., 2003). Aliquots of 1 mg of RNA were reverse-

transcribed to cDNA using the Advantage RT-for-PCR kit

from Clontech according to the manufacturer’s instructions.

Briefly, 10 ml of cDNA was mixed with 0.75 mM primers, 4 U of

Taq polymerase, 10 ml of reaction buffer (2 mM Tris-HCl, pH

8.0; 0.01 mM ethylenediaminetetraacetate, EDTA; 0.1 mM

dithiothreitol, DTT; 0.1% Triton X-100; 5% glycerol; and

1.5 mM MgCl2), and 25 ml of water in a total volume of 50 ml.

All primer pairs for the IL-2, IFN-g, and cyclins D3, E, A, and

B were designed from the published human cDNA sequence

data (Gray et al., 1982; Taniguchi et al., 1983; Ajchenbaum

et al., 1993; Parkar et al., 2004). The following specific

primers were used: IL-2 (262 bp), forward 50-GTCACAAACA

GTGCACCTAC-30, reverse 50-GAAAGTGAATTCTGGGTCC

C-30; IFN-g (320 bp), forward 50-GCAGAGCCAAATTGTCTC

CT-30, reverse 50-ATGCTCTTCGACCTC GAAAC-30; cyclin D3

(587 bp), forward 50-TGGATGCTGGAGGTCTGCGAGGAA-30,

reverse 50-TAGCTTCGGGACGACCTCAGTTCG-30; cyclin E

(415 bp), forward 50-CCTGTACTGAGCTGGGCAAATAGA-30,

reverse 50- ACGAAGGTCCTGACACGTCACGTA-30; cyclin A

(150 bp), forward 50-TGGAGAGTGTATGTTTGTTGTGGTT

G-30, reverse 50-AAACTTAACAATACAACTAAACTACCCACC-

30; cyclin B (720 bp), forward 50-AAGGCGAAGATCAAC ATG

GC-30, reverse 50-AGTCACCAATTTCTGGAGGG-30; glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH; 983 bp),

forward 50-TGAAGGTCGGAGTCAACGGATTTGGT-30, reverse

50-CACCACCTGGAGTACCGGGTGTAC-30. The PCR was

performed by the following setting of the air thermo-

cycler: denaturing temperature of 941C for 1 min, annealing

temperature of 601C for 1 min and elongation temperature of

721C for 80 s for the first 35 cycles and finally elongation

temperature of 72 1C for 10 min. Following the reaction, the

amplified products were taken out of the tubes and run on

2% agarose gel.

Real-time quantitative PCR

The real-time PCR was performed by TaqMan PCR assay

using an ABI prism 7700 sequence detection system (Applied

Biosystems, Foster City, CA, USA). The reaction conditions

were 501C for 2 min followed by 10 min at 951C and 40

cycles of 15 s at 951C and 1 min at 601C. DCycle of threshold

(DCT) was calculated by subtracting the CT of GAPDH mRNA

from the CT of cyclins, IL-2 or IFN-g mRNAs.

Cell cycle analysis

Procedures for cell cycle analysis have been described

previously (Javier et al., 1997; Kuo et al., 2000). PBMC

(2�106 cells) were divided into each well of a six-well flat-

bottomed plate (Cellstar 657160, Greiner, Germany), with

or without 5 mg ml�1 PHA and with suberosin (100 mM). The

plates were incubated in 5% CO2–air humidified atmosphere

at 371C for 3 days. The cells were harvested by centrifuga-

tion, washed in PBS and then fixed in 70% ethanol for

30 min at �201C. After washing the cells once with PBS, the

DNA was stained with propidium iodide (4 mg ml�1) contain-

ing 100mg ml�1 of ribonuclease A. Flow cytometry analysis

was conducted using a Becton-Dickinson FASCan (Franklin

Lakes, NJ, USA). The distribution of cells in the cell cycle was

determined with WinMDI version 2.8 software.

Western blot analysis

The total cellular proteins were extracted from PBMC by

a method described previously (Kuo et al., 2002). PBMC

(1�107cells) were applied into each well of a six-well flat-

bottomed plate and treated with PHA (5 mg ml�1) in the

presence or absence of suberosin (100 mM). The plates were

incubated in 5% CO2-air humidified atmosphere at 371C

for 24 h. Cells were harvested and washed once with PBS

containing 0.5 mM EDTA. Then the cells were lysed by a

solution containing 20 mM Tris-HCl, 30 mM Na4P2O7, 50 mM

NaF, 5 mM EDTA, 0.5% Triton X-100, 1 mM DTT, 10 mg ml�1

leupetin, 5mg ml�1 aprotinin, and 10 mM b-glycerophos-

phate. The lysates were cleared of insoluble material by

centrifugation. The proteins (50 mg) were dissolved in the

dissociation buffer (2% sodium dodecyl sulfate (SDS), 5%

b-mercaptoethanol, 0.05 M Tris-HCl, and 20% glycerol,

pH 7.6) and boiled for 5 min. Then proteins were resolved

by 10% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) and transferred to nitrocellulose filters.

After blocking the filters with a solution containing 1%

bovine serum albumin (BSA), the filters were incubated with

mouse monoclonal antibodies raised against human cyclins

(BD Biosciences, San Diego, CA, USA). Specific reactive

proteins were detected by an enhanced chemiluminescence

method, employing a rabbit anti-mouse Ig antibody linked

to horseradish peroxidase (HRP) (Pierce, Rockford, USA).

Determination of [Ca2þ ]i in PBMC

PBMC were loaded with 5mM fura-2-acetoxymethyl ester

(fura-2-AM) at 371C for 30 min. The cells were then

resuspended in Ca2þ -free RPMI-1640 medium without

phenol red to a concentration of 4�106 cells ml�1. In each

experiment, 0.5 ml of cells suspension was equilibrated with

an equal volume of 2 mM Ca2þ -containing medium at 371C.

Then DMSO (2.5 ml of 0.1%) or suberosin (25, 50 and 100 mM)

were added to the cells at the 40th second and stimulated

with 2.5 ml of PHA (5 mg ml�1). Changes in fluorescence with

time were recorded. During the measurement, the cells

suspension was kept at 371C and continuously stirred. The

fluorescent activity was recorded with excitation at 340,
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380 nm and emission at 505 nm using an F-4500 fluores-

cence spectrophotometer (Hitachi, Tokyo, Japan) with a

multi-wavelength time-scan program.

Determination of cell viability

Approximately 2�105 PBMC were cultured with 0.1%

DMSO or suberosin (25, 50, and 100 mM) in the presence or

absence of PHA (5 mg ml�1) for 4 days. Total, viable and non-

viable cell numbers were counted under the microscope with

the help of a hemocytometer following staining by trypan

blue and cell viability was calculated.

Preparation of nuclear extracts

PBMC (5�107 cells) were treated with 100 mM suberosin in

the presence or absence of PHA for 1 h, stop buffer was added

(10 mM Tris-HCl, pH 7.4; 150 mM NaCl; 10 mM EDTA; 10 mM

ethylene glycol bis(b-aminoethylether)-N,N,N’,N’,-tetraace-

tic acid; 2 mM Na3VO4; 0.4 mM phenylmethylsulfonylfluor-

ide (PMSF); 50 mM NaF; 2 mM leupeptin; 1 mM pepstatin A] and

samples centrifuged at 550 g, 41C for 10 min. After discarding

supernatants, the cell pellets were suspended in 400 ml of

cold buffer A (10 mM (4-(2-hydroxyethyl)-1-piperazineetha-

nesulfonic acid) (HEPES), pH 7.9, 10 mM KCl, 0.1 mM EDTA,

1 mM DTT and 0.1 mM PMSF) plus NP-40 (0.25%) and

incubated on ice for 15 min. After centrifugation at 6000 g,

41C for 4 min, the nuclear pellets were resuspended in 75 ml

of cold buffer B (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM

DTT, 1 mM PMSF and 2 mM leupeptin) and incubated on ice

for 30 min. After centrifugation at 15000 g, 41C for 5 min, the

supernatants (nuclear extracts) were collected and the

protein concentrations were measured by a Bio-Rad DC

Protein Assay kit (Bio-Rad, Hercules, USA). All nuclear

extracts were stored at �801C until use.

Electrophoretic mobility shift assay (EMSA)

The oligonucleotide sequences corresponding to NF-AT and

NF-kB binding sites in the human IL-2 promoter were

50-ACGCCCAAAGAGGAAAATTTGTTTCATACA-30 and 50-AG

TTGAGGGGACTTTCCCAGGC-30, respectively. Reaction

mixtures (15 ml) contained, together with 10 mg of nuclear

extracts, 2 mg of poly (dI-dC), and 10 ng of biotin-labeled

probes. For competition experiments, 100-fold excess of

unlabeled competitor oligos were added to the extracts

before the addition of labeled probes. The supershift analysis

for NF-kB/DNA complex and NF-AT/DNA complex forma-

tion was determined with Abs to NF-ATc1 or NF-kBp65

(Santa Cruz, CA, USA), respectively. Biotin-labeled DNA–

protein complexes were detected by the streptavidin

conjugated with HRP (Panomics, Redwood, USA).

Nuclear translocation of NF-AT and NF-kB determined by

confocal microscopy

PBMC (2�106 cells ml�1) were incubated with or without

suberosin (100 mM) and stimulated by PHA for 1 h. Cytospins

were prepared, fixed, blocked and labeled with antibodies

to NF-ATc1 or NF-kBp65 according to the manufac-

turer’s instructions. Detection was through a fluorescein

isothiocyanate-conjugated secondary antibody, and slides

were analyzed with a confocal microscope (Leica TCS SP2,

Wetzler, Germany).

Statistical analysis

Data are presented as means7s.d., and the differences

between groups were assessed with Student’s t-test.

Materials

Reagents were obtained from Sigma or Merck (KGaA,

Darmstadt, Germany). Antibodies were purchased from BD

Biosciences (San Diego, CA, USA). Rabbit anti-mouse Ig

antibody linked to HRP for detection in the Western blots

was obtained from Pierce Inc. (Rockford, IL, USA). The kits

for EIA of cytokines were from R&D Systems (Minneapolis,

MN, USA). RNA-Bee reagent for RNA extraction was obtained

from Tel-Test Inc. (Friendswood, TX, USA). The Advantage

RT-for-PCR kit was from Clontech (Palo Alto, CA, USA). The

TaqMan PCR reagents were bought from Applied Biosystems

(Foster City, CA, USA).

Results

Effects of suberosin on PBMC proliferation

As shown in Figure 1b, treatment with PHA for 3 days

stimulated cell proliferation as indicated by about 19-fold

increase in tritiated thymidine uptake. Treatment with the

vehicle (DMSO 0.1%) affected neither the tritiated thymi-

dine uptake in the resting state nor that in the stimulated

state. Although suberosin had little effect on tritiated

thymidine uptake in resting PBMC, it significantly sup-

pressed the enhanced uptake observable in activated cells.

Furthermore, the inhibitory effects of suberosin on activated

PBMC were concentration dependent, with a half-maximal

inhibitory concentration (IC50) of 41.273.6 mM. However,

the inhibitory effect of suberosin on PBMC was not related to

direct cytotoxicity as the viabilities of resting and activated

PBMC were not significantly decreased following treatment

with 25, 50 or 100 mM of suberosin for 4 days (Figure 1c).

Effects of suberosin on the cell cycle

Because the above data suggested that suberosin inhibited

PBMC proliferation after stimulation with PHA, we further

examined where in the cell cycle of PBMC this inhibtion

occurred. Following incubation with or without suberosin

for 3 days, cell cycle analyses were performed using a

commercially prepared propidium iodide reagent for stain-

ing nuclear DNA before flow cytometry analysis. As shown in

Figure 2a, resting PBMC existed almost exclusively in the G0/

G1 phase, which was not affected by DMSO or suberosin

treatment. When the cells were stimulated with PHA and

then induced into cell cycle, fluorescence intensity increased

from that of the G0/G1 phase to the S phase and G2/M

phase. DMSO did not affect this fluoresence change. By

contrast, after adding suberosin to PHA-activated PBMC,

almost all cells were still blocked at G0/G1 stage compared

with the control group. A computer program (WinMDI

version 2.8 software) was then used to determine the

percentage of PBMC in the G0/G1, S and G2/M phases

(Figure 2b). Results indicated that addition of suberosin

significantly decreased the percentage of PBMC in the S and

G2/M phases and increased the G0/G1 percentage.

Suberosin modulates NF-AT and NF-jB
Y-C Chen et al302

British Journal of Pharmacology (2007) 150 298–312



Suberosin reduces production and mRNA expression of cyclins

in PBMC

To study whether the blockade of PHA-induced PBMC cell

cycle progression described above was related to expression

of cyclins, the cells were incubated with or without suberosin

for 24 h and total cellular proteins were extracted. The results

of Western blotting are shown in Figure 3a. b-Tubulin

was detectable in the samples treated with DMSO (lane 1),

DMSO and PHA (lane 2), suberosin (lane 3), and suberosin

and PHA (lane 4), respectively. Neither suberosin nor DMSO

affected b-tubulin expression in PBMC. Although unstimu-

lated PBMC expressed a low level of cyclin D3, E, A and B

proteins, the levels of these cyclin proteins were signifi-

cantly increased in the cells induced by PHA. The data also

indicated that the increase in cyclins D3, E, A and B in PHA-

treated PBMC was prevented by suberosin. Analysis of laser

densitometry demonstrated that the ratios of those cyclins

to b-tubulin in PHA-activated PBMC were significantly

impaired by suberosin (Po0.01).

To determine whether the reduction in cyclin proteins

brought about by suberosin was related to gene expres-

sion, the total cellular RNA was extracted from PBMC and

analyzed by RT-PCR. The results are shown in Figure 3b. The

mRNA for GAPDH was detectable in the samples treated with

DMSO (lane 1), DMSO and PHA (lane 2), suberosin (lane 3),

and suberosin and PHA (lane 4), respectively. Both suberosin
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and DMSO did not affect GAPDH mRNA expression in

PBMC. After PHA stimulation, the levels of each cyclin

mRNA were significantly increased in the cells. However, the

PCR products for cyclins D3, E, A and B amplified from PHA-

treated PBMC RNA preparations were attenuated by suber-

osin. The laser densitometry analysis demonstrated that the

ratios of those cyclin mRNAs to GAPDH mRNA in PHA-

activated PBMC were significantly decreased by suberosin.

Furthermore, the effects of suberosin on cyclins D3, E, A and

B mRNAs expression were confirmed with real-time PCR

(Table 1). By comparison with the DMSO-treated group, the

DCT values of those cyclins were significantly decreased by

PHA (Po0.01). Suberosin reversed the DcT values of cyclins

D3, E, A and B in activated PBMC (Po0.01). These data

support that suberosin decreases the levels of cyclin protein

by decreasing cyclin mRNA expression in PBMC.

Inhibitory effects of suberosin on IL-2 and IFN-g production

in PBMC

Production of IL-2 and IFN-g is a hallmark of activated T cells

and PBMC (Carter et al., 1998) and the suberosin-induced

suppression of PHA-induced PBMC proliferation could be

related to IL-2 and IFN-g production. Therefore, PBMC were

stimulated with PHA in the presence or absence of varying

concentrations of suberosin (6.25–100 mM) for 3 days. Super-

natants were then collected, and the production of IL-2 and

IFN-g were assayed by EIA, respectively. As shown in

Figure 4a, the stimulated production of IL-2 and IFN-g in

activated PBMC was significantly suppressed by suberosin.

Furthermore, the inhibitory activities of suberosin were

concentration dependent. At 100 mM, the stimulated produc-

tion of IL-2 or IFN-g in activated PBMC was completely

blocked by suberosin, with their concentrations returning to

almost the same as those produced in resting cells.

Therefore, we examined whether expression of IL-2 or

IFN-g mRNA in activated PBMC was inhibited by suberosin.

Total cellular RNA was extracted from activated PBMC in the

presence or absence of suberosin and the results of RT-PCR

analyses are shown in Figure 4b. The mRNA for GAPDH was

detectable in the samples treated with DMSO (lane 1),

suberosin (lane 2), DMSO and PHA (lane 3) and suberosin

and PHA (lane 4), respectively. The results indicated that the
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Figure 3 Effects of suberosin on cyclins gene expression in PBMC detected by Western blotting and RT-PCR, respectively. PBMC (1�107)
were activated with or without PHA in the presence or absence of 100mM suberosin. (a) Lysates (50mg of protein) were collected at 24 h and
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levels of IL-2 and IFN-g mRNA in PBMC were significantly

induced by PHA. By contrast, PCR products for both cytokines

amplified from activated PBMC RNA preparations were

reduced by suberosin. The laser densitometry analysis demon-

strated that the ratios of IL-2 and IFN-g to GAPDH mRNAs in

PHA-activated PBMC were significantly decreased by suber-

osin (Po0.001). The inhibitory actions of suberosin on IL-2

and IFN-g mRNAs expression were also analyzed with the real-

time PCR (Table 1). Comparison with the PHA-treated group,

suberosin reversed the DCT values of IL-2 and IFN-g in

activated PBMC (Po0.01). These data were consistent with

inhibition of IL-2 and IFN-g production by suberosin.

NF-AT and NF-kB DNA binding and nuclear translocation

are inhibited by suberosin

Suppression of IL-2, IFN-g and cyclin transcripts by suberosin

could be related to inhibition of the initial transcriptional

transactivation event. To assess this possibility, biotin-

labeled oligonucleotide sequences corresponding to NF-AT

and NF-kB binding sites were incubated with nuclear extracts

from suberosin-treated PBMC. As shown in Figure 5a and c,

loss of NF-AT/DNA and NF-kB/DNA complexes occurred

in resting PBMC (lane 2), but not when activation was

conducted in the presence of PHA (lane 3). A supershifted

complex appeared when the anti-NF-ATc1 or anti-NF-kBp65

antibody was added in the reaction mixture, respectively

(lane 4). The cold competition analysis showed a reduction

in the amount of NF-AT/DNA and NF-kB/DNA complexes in

activated cells (lane 5). However, the formation of the PHA-

induced NF-AT/DNA and NF-kB/DNA complexes were mark-

edly decreased in the case in which the nuclear extracts from

suberosin-treated PBMC were used (lane 6). Furthermore,

the effect of suberosin on nuclear translocation of NF-AT and

NF-kB in PBMC was examined by immunocytochemistry. As

shown in Figure 5b and d, NF-AT and NF-kB were predomi-

nantly cytoplasmic in resting PBMC (left panel), but these

signals disappeared upon stimulation and accumulated

in the nuclear (center panel). In the presence of suberosin,

NF-AT and NF-kB remains cytoplasmic (right panel).

Both the nuclear translocation and DNA-binding activity of

NF-AT and NF-kB were blocked by suberosin. These results

suggested that suberosin reduced expression of the mRNAs

for IL-2, IFN-g and cyclins by interfering with the activation

of NF-AT and NF-kB.

Calcium mobilization in PBMC affected by suberosin

Calcium mobilization is a very early event in the activation

of T cells and PBMC that is necessary for activation of NF-AT

(Buggins et al., 2001). To study whether the impairment of

NF-AT activation in PBMC was related to Ca2þ mobilization,

the cells were incubated with or without suberosin and

[Ca2þ ]i in PBMC stimulated by PHA was determined. The

results are shown in Figure 6. When PBMC were pretreated

with DMSO and PHA added to cells at 100 s, [Ca2þ ]i began to

increase about 50 s later and reached a maximum value at

about 250 s. This patteren of change in [Ca2þ ]i was the same

as that in PBMC stimulated without DMSO (data not

shown). However, the rise in [Ca2þ ]i in PBMC was decreased

by suberosin dose-dependently. Therefore, inhibition of

activation of NF-AT might be explained by a failure to

mobilize Ca2þ in suberosin-treated PBMC.

Effects of suberosin on MAPK activation in PBMC activated

by PHA

To assess how suberosin might affect intracellular signaling

in general in PBMC, total cellular proteins were extracted

Table 1 DCT values for cyclins, IL-2, and IFN-g in suberosin-treated PBMC

DMSO Suberosin DMSOþ PHA Suberosinþ PHA

Cyclin D3 CT 36.7870.13 35.4370.22 25.6570.08 35.9870.16
GAPDH CT 21.0070.05 22.1270.07 20.8970.01 21.3370.12
DCT 15.3070.31 14.6370.33 4.5570.08# 13.9570.17*
Cyclin E CT 33.2170.02 34.1870.12 23.8570.04 33.0070.05
GAPDH CT 22.3670.12 22.0570.09 21.4970.07 21.3070.06
DCT 10.3270.18 12.0870.33 2.3070.04# 11.7570.19*
Cyclin A CT 30.4570.03 31.1870.32 24.7570.05 31.0970.08
GAPDH CT 21.8870.16 22.0070.19 20.9970.02 20.9870.02
DCT 8.5270.03 9.1070.18 3.6870.02# 10.0870.01*
Cyclin B CT 30.2070.01 29.8970.21 23.7570.03 30.7770.01
GAPDH CT 23.2670.07 23.1570.01 21.8770.05 22.5570.10
DCT 7.0170.23 6.8670.19 1.8570.02# 8.0370.09*
IL-2 CT 34.9970.21 35.9070.32 27.2270.11 32.7770.08
GAPDH CT 24.3670.02 25.0370.01 22.3670.01 24.7870.01
DCT 10.6470.23 10.8770.33 4.8670.10# 7.9970.07*
IFN-g CT 30.3570.06 30.7370.06 20.3570.03 24.1570.05
GAPDH CT 22.7670.04 22.7870.03 19.1770.04 21.3870.04
DCT 7.5970.02 7.9570.03 1.1970.04# 2.7770.01*

Abbreviations: DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN, interferon; PBMC, human peripheral blood mononuclear

cells; PHA, phytohemagglutinin.

PBMC (5�106 cells) were cultured with 100 mM suberosin in the presence or absence of PHA for 18 h. The cDNA was reverse-transcribed from cellular RNA and

amplified by TaqMan PCR assay with an ABI prism 7700 sequence detection system. DCT was calculated by subtracting the CT of GAPDH mRNA from the CT of

cyclin D3, cyclin E, cyclin A, cyclin B, IL-2, or IFN-g mRNAs. The representative data from 3 independent experiments with PBMC from different individuals are

shown.
#Po 0.01, as compared with DMSO group; *Po 0.01, as compared with the DMSOþ PHA group.
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from PBMC and the MAPK family of signal transduction

proteins was measured by Western blotting. Activation of

ERK, p38 and JNK is dependent on phosphorylation at

specific sites, which was assayed by probing the blots

with phosphorylation site-specific antibodies. As shown in

Figure 7a, the phosphorylation of ERK (pERK), p38 (P-p38)

and JNK (pJNK) in unstimulated PBMC was not affected by

DMSO (lane 1) or suberosin (lane 3) treated alone. After

treatment with PHA for 1 h, the phosphorylation of ERK, p38

and JNK was detected in PBMC (lane 2). Although the

presence of suberosin did not affect p38 and JNK activation,

the phosphorylation of ERK was significantly impaired by

suberosin (lane 4). As shown in Figure 7b, the laser

densitometry analysis demonstrated that the ratio of pERK

to ERK in PHA-activated PBMC were significantly decreased

by suberosin (Po0.01). Taken together, these results indicate

that suberosin affects the activation of ERK in PBMC induced

by PHA.

Inhibitory effects of suberosin on PBMC are related to NF-AT,

NF-kB and ERK activation

To demonstrate the essential roles of NF-AT, NF-kB and ERK

in PHA-activated PBMC, a range of pharmacological inhibi-
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Figure 4 Cytokine production and mRNA expression in PBMC treated with suberosin. (a) PBMC (2�105 well�1) were treated by 0, 6.25,
12.5, 25, 50, and 100mM of suberosin with or without PHA (5mg ml�1) for 3 days. Then the cell supernatants were collected and IL-2 and IFN-g
concentration was determined by EIA. Each point is the mean7s.d. of three independent experiments with PBMC from different individuals.
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tors including the NF-AT inhibitor cyclosporin A (2 mM)

the NF-kB inhibitor PDTC (25 mM), and the ERK inhibitor

U0126 (12.5 mM) were added to PBMC cultures and IL-2,

IFN-g and cyclin D3 mRNA transcripts and cell proliferation

were determined by RT-PCR and tritiated thymidine

uptake, respectively. As shown in Figure 8a, PHA signifi-

cantly induced IL-2, IFN-g and cyclin D3 mRNA expression

in PBMC (lane 6) and DMSO did not affect these gene

transcriptions in the cells (lane 7). However, PDTC, cyclo-

sporin A and U0126 reduced IL-2, IFN-g and cyclin D3 gene

expression in PBMC activated with PHA (lanes 8–10). As

shown in Table 2, these results were confirmed by real-time

PCR. All three inhibitors decreased the levels of cyclin D3,

IL-2, and IFN-g mRNAs in activated PBMC. As shown in

Figure 8b, all inhibitors also significantly suppressed the

proliferation of PBMC induced by PHA (Po0.001). These

data support the concept that NF-AT, NF-kB and ERK are

regulators of IL-2, IFN-g and cyclin D3 gene transcription in

PBMC induced by PHA.

Suberosin decreases cell proliferation and IL-2 production

in PBMC induced by anti-CD3 and anti-CD28 antibodies

To investigate whether suberosin has effects on PBMC

proliferation and cytokine production generated by TCR/

CD3 crosslinking, the cells proliferation and IL-2 production

were determined in the presence of anti-CD3 and anti-CD28

antibodies. We found that suberosin (100 mM) resulted in

a reduction of CD3/CD28-induced PBMC proliferation

(1285071355 vs 20797209 CPM; n¼3; Po0.001) and IL-2

production (5257101 vs 103736 pg ml�1; n¼3; Po0.01).

Discussion and conclusions

In the present study, we have shown for the first time that

suberosin isolated from P. zeylanica has a profound inhibitory

effect on the activation and proliferation of human PBMC

stimulated with PHA. Results demonstrated that increase in

total cellular DNA synthesis induced by PHA was inhibited

by suberosin. The proliferation-suppressive actions of sub-

erosin were not explained by a drug-induced reduction in

cell viability. Cell cycle analysis revealed that suberosin

inhibited the entry of PHA-stimulated PBMC into the S
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phase of the cell cycle, observations were consistent with

data that suberosin suppressed PHA-driven PBMC prolifera-

tion. In addition, we observed that suberosin decreased

production and mRNA expression of IL-2, IFN-g, and cyclins

D3, E, A and B in activated PBMC. The DNA-binding activity

and nuclear translocation of NF-AT and NF-kB and phos-

phorylation of ERK in the activated cells were attenuated

by suberosin. The mobilization of Ca2þ in PHA-activated

PBMC was inhibited by suberosin. We suggest that suberosin

interferes with some regulatory events required for entry

of PHA-activated PBMC into the S phase and then cell

proliferation is suppressed.

Suberosin is a coumarin and has also been isolated

from Zanthoxylum rhesta and Citrus deliciosa (El-Shafae and

Soliman, 1998; Ahsan et al., 2000). It has been reported that

suberosin has antiproliferative effects on several cancer cell

lines (Kawaii et al., 2001) and inhibits the aggregation of

rabbit platelets induced by platelet-activating factor (Teng
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Figure 7 Effects of suberosin on the phosphorylation of ERK, p38,
and JNK in PBMC. (a) PBMC (1�107 cells) were treated with 0.1%
DMSO (lane 1), DMSO and 5 mg ml�1 PHA (lane 2), 100mM

suberosin (lane 3), or suberosin and PHA (lane 4), for 60 min. The
total cellular proteins (50 mg) were run on a 10% SDS-PAGE gel and
analyzed by immunoblotting with anti-pMAPK or MAPK antibody.
The representative results from more than three independent
experiments are shown. (b) Each band was quantitated by laser-
scanning densitometer SLR-2D/1D (Biomed Instruments Inc., Full-
erton, USA) and the ratio of pMAPK to MAPK was calculated. Each
bar is the mean7s.d. of more than three independent experiments
with PBMC from different individuals.
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Figure 8 Effects of pharmacological inhibitors on IL-2, IFN-g and
cyclin D3 mRNA expression and cell proliferation in PBMC induced
by PHA. (a) 5�106 PBMC activated with or without PHA (5mg ml�1)
in the presence or absence of 25mM PDTC, 2mM cyclosporin A or
12.5mM U0126, for 18 h. The total cellular RNA was isolated from
PBMC and analyzed by RT-PCR as described in Methods. The lanes
indicates PBMC treated with medium (lane 1), 0.1% DMSO (lane 2),
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the amplified products were taken out of the tubes and run on 2%
agarose gel. Each band was quantitated using laser-scanning
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USA). Graphical representation of laser densitometry of IL-2, IFN-g
and cyclin D3 mRNA expression in unstimulated or PHA-stimulated
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proliferation, the cells (2�105 well�1) were treated by 25mM PDTC,
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(5mg ml�1) for 3 days. The proliferation of cells was detected by
tritiated thymidine uptake (1 mCi well�1). After a 16-h incubation,
the cells were harvested by an automatic harvester, then radio-
activity was measured by liquid scintillation counting. Each bar
represents the mean7s.d. of three independent experiments with
PBMC from different individuals.
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et al., 1992). Furthermore, the present results showed that

suberosin suppressed proliferation and IL-2 and IFN-g
production of human PBMC activated with PHA. It suggests

that suberosin has immunopharmacological activities. The

possible inhibitory effect of DMSO on PBMC was studied in

these experiments. DMSO did not change PBMC prolifera-

tion and viability. Therefore, the inhibitory function of

suberosin was not related to DMSO. Results of cell viability

tests indicated that there was no significant cell death in

PBMC cultures after treatment with 100 mM suberosin for 4

days. We suggest that under 100 mM and during this time

frame, the inhibitory effects of suberosin on PBMC were not

through cytotoxic effects. In the present study, T cells were

the major proliferating cells in PBMC cultures activated with

PHA. On the other hand, suberosin could attenuate cell

proliferation and IL-2 production in PBMC generated by

TCR/CD3 cross-linking, which specifically stimulates T cells

(Charles et al., 1997). Thus, inhibitory effects of suberosin on

PHA-activated PBMC proliferation could reflect suppression

of T cell proliferation.

The central event in generation of immune responses is

the activation and clonal expansion of T cells (Charles et al.,

1997). During the process of differentiation, T cells sponta-

neously arrest in G0 and may remain quiescent for long

periods of time until exposed to specific antigen or mitogens.

Interaction of T cells with antigens or PHA initiates a cascade

of biochemical events that induces the resting T cells to enter

the cell cycle then proliferate and differentiate (Kuo et al.,

2003). In our studies, the results indicated that almost all

unstimulated PBMC existed at the G0/G1 phase and after

stimulation with PHA, entry into cell cycle was induced. It

has been demonstrated in many previous studies with T cells

that a series of genes such as those for IL-2, IFN-g and cyclins

are expressed in a carefully controlled order as the cells pass

through G0, G1 and S phase (Ajchenbaum et al., 1993; Liu

et al., 2004). Cell cycle activation is in part coordinated by

D-type cyclins, which are rate limiting and are essential for

the progression through the G1 phase of the cell cycle.

Cyclin D3 normally occurs in mid-G1 and is one of the key

regulators of cell cycle progression from G1 to S phase (Hleb

et al., 2004). Subsequent G1 events and initiation of DNA

synthesis are dependent on induction of the IL-2 receptor

and on a supply of IL-2 from autocrine or external sources.

Growth modulators that affect the PBMC proliferation are

ultimately likely to act by controlling the expression or

function of these gene products, although the molecular

mechanisms involved in regulating passage through cell

cycle in PBMC stimulated with PHA remain largely unknown

(Ajchenbaum et al., 1993; Liu et al., 2004).

The effects of suberosin on PBMC can be grouped into two

categories: first, inhibition of entry into the cell cycle; and,

secondly, inhibition of IL-2 and IFN-g production. The data

indicated that suberosin suppressed PHA-activated PBMC

proliferation and cell cycle progression from G1 to S phase.

The results demonstrated that suberosin acted similarly to

the immunosuppressive agent rapamycin, retaining T cells

predominantly in either the G0/G1 phase or the early S

phase of the cell cycle (Schreiber and Crabtree, 1992; Hleb

et al., 2004). Suberosin decreased the protein levels of cyclin

D3, E, A and B in PBMC induced by PHA. We also found that

cyclin D3, cyclin E, cyclin A and cyclin B mRNA transcripts

in PHA-activated PBMC were attenuated by suberosin.

Therefore, we believe that suberosin reduces the production

of cyclin D3, E, A and B in PBMC through decreasing of

cyclin D3, E, A and B mRNA expression. It appears that

treatment of PBMC with suberosin alone had resulted in the

suppression of the cyclin A protein and mRNA expression as

compared to the treatment with DMSO alone. We explain

this result by the following possibilities: (1) the results from

real-time PCR demonstrated that suberosin alone did not

reduce cyclin A mRNA transcripts in PBMC as comparison

with DMSO treated alone. However, both data from RT-PCR

and Western blotting were calculated by the semi-quantita-

tive method. We suggest that the inhibitory activities of

suberosin on cyclin A expression are almost not significant

although we cannot exclude the possibility that suberosin

Table 2 DCT for cyclin D3, IL-2, and IFN-g in PBMC treated with pharmacological inhibitors

CT DCT CT DCT CT DCT

Cyclin D3 GAPDH IL-2 GAPDH IFN-g GAPDH

Medium 32.8970.05 20.3270.03 12.6070.04 32.7770.02 21.6570.05 11.1070.05 31.4470.02 22.1770.06 9.2070.05
Mediumþ PHA 24.8870.02 21.5970.01 3.3270.02 26.3270.03 21.5070.04 4.8070.06 22.6570.01 20.9770.10 1.6270.09
DMSO 33.3570.12 20.8870.08 12.3670.06 32.6870.04 20.7670.01 11.8870.03 31.8870.02 22.6870.03 9.1970.02
DMSOþ PHA 24.2870.03 21.0170.02 3.3070.03# 26.4470.01 21.5570.02 4.9170.02# 21.8370.01 20.3270.04 1.5070.03#

PDTC 32.8970.23 20.0770.09 12.7770.15 32.2570.03 20.3570.01 11.0770.02 31.2270.03 21.9870.02 9.1570.03
PDTCþ PHA 28.0170.02 19.8770.21 8.0070.10* 30.2270.06 20.6270.02 9.5370.05* 27.4370.01 21.0070.06 6.3570.04*
Cyc A 33.1670.08 21.0570.02 12.0570.05 32.7870.02 20.8870.03 11.5070.02 31.0670.02 22.0170.02 9.0070.02
Cyc Aþ PHA 30.0570.01 20.8870.01 9.1270.01* 30.1070.01 21.0070.01 9.1070.01* 28.0170.01 21.0770.05 6.9070.04*
U0126 33.6570.03 21.0770.01 12.3270.02 32.4870.05 21.0770.04 11.3570.04 31.5570.02 21.5670.04 9.9070.04
U0126þ PHA 29.4670.02 20.0870.11 8.4970.06* 30.8970.01 20.9270.02 9.8370.02* 28.4270.05 21.6070.05 6.7870.05*

Abbreviations: DMSO, dimethyl sulfoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IFN, interferon; PBMC, human peripheral blood mononuclear

cells; PHA, phytohemagglutinin.

PBMC (5�106 cells) were cultured with PDTC (25 mM), cyclosporin A (Cyc A; 2 mM),or U0126 (12.5 mM) in the presence or absence of PHA for 18 h. The cDNA was

reverse-transcribed from cellular RNA and amplified by TaqMan PCR assay with an ABI prism 7700 sequence detection system. Each DCT was calculated by

subtracting the CT of GAPDH mRNA from the CT of cyclin D3, IL-2 or IFN-g mRNAs, respectively. The representative data from 3 independent experiments with

PBMC from different individuals are shown.
#Po0.01, as compared with DMSO group; *Po0.01, as compared with the DMSOþ PHA group.
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attenuates cyclin A by some other mechanism. (2) Suberosin

may affect the stability of cyclin A mRNA or proteins and

thus cause the levels of cyclin A transcripts and proteins to

decrease. Data from primary human T lymphocytes indicate

that cyclin D3 and cyclin E are rate limiting and essential

for the progression through the G1 phase of the cell cycle

(Charles, 1993; Hleb et al., 2004). Cyclin D3 is a key cyclin

controlling T cells growth and apoptosis. Activation of T-cell

hybridoma cells through the TCR has been shown to cause

rapid reduction in both cyclin D3 mRNA and protein levels,

which is accompanied by growth arrest in G1 phase (Truneh

et al., 1985). The accumulation of cyclins A and B is a

pre-requisite for mitotic initiation in the G2/M phase in

mammalian cells. It might be expected that inhibition of cell

cycle entry would prevent the production of cyclins A and B.

Furthermore, cyclin-dependent kinase (cdk) 4 complexed

with cyclin D plays important role in controlling cell

proliferation (Ajchenbaum et al., 1993). Preliminary data

indicated that the levels of cdk4 mRNA in PHA-activated

PBMC were decreased by suberosin (data not shown),

suggesting a possible regulatory effect of suberosin on cdk

gene expression. Cell proliferation accompanies cell cycle

entry, and we suggest that inhibitory effects of suberosin on

PBMC proliferation are related to inhibition of cyclin gene

expression and cell cycle progression in the cells.

Production of IL-2 and IFN-g is important in coordinating

the activation and proliferation of T lymphocytes (Cantrell,

1996, Liu et al., 2004). We demonstrated that production of

these cytokines was inhibited by suberosin. Impairment of

IL-2 and IFN-g production was related to suberosin-suppres-

sing transcription of their mRNA. When exogenous IL-2 was

added to PHA-activated PBMC in the presence of suberosin,

cell proliferation was determined in a preliminary study.

Although, 30% proliferation of suberosin-treated PBMC

could be restored by IL-2 at 10 U ml�1, other cytokines such

as IL-4 and IFN-g might help to restore it (data not shown).

Another possibility is that higher concentration of IL-2

(above 10 U ml�1) might be required to enhance the recovery

of suberosin-treated PBMC proliferation. We also can assume

that the block occurs early during cell cycle entry from G0,

before IL-2-dependent signals are required to stimulate entry

from G1 into S phase. We predicted that inhibition of cell

cycle entry would prevent the production of IL-2 and IFN-g.
As T-lymphocyte proliferation is primarily mediated by IL-2,

inhibition of IL-2 production is a central mechanism of

action of several immunosuppressants including cyclosporin

A. However, these actions are similar to those of cyclosporin

A, which induces arrest activation and proliferation of T-cells

by inhibiting IL-2 transcription (Schreiber and Crabtree,

1992). It is likely that failure to produce IL-2 and IFN-g is the

reason that PBMC did not proliferate.

Two of the earliest signaling events induced by PHA in

T cells are activation of NF-AT and NF-kB, essential for

proliferation and activation of T cells (Charles et al., 1997).

Many previous studies show that NF-AT is an inducible

regulatory complex critical for transcriptional induction of

many genes in activated T cells, containing IL-2 and IFN-g
(Rao et al., 1997). Inactivation of NF-AT in mice reduces

T cells numbers and impairs the proliferation of PBMC

(Yoshida et al., 1998). The transcription factor NF-kB is one of

the key regulators of genes involved in the immune response

as well as in survival from apoptosis (Ferreira et al., 1999).

NF-kB has been shown to regulate cell growth and differ-

entiation through transcriptional regulation of cyclin D

(Sée et al., 2004). Abolition of NF-kB activity in the T cell

lineage of mice caused a decrease in spleenic T cells and

suppressed proliferation of peripheral T cells. Further,

production of IFN-g was reduced by inhibition of NF-kB

(Ferreira et al., 1999). Therefore, inhibition of NF-kB by

suberosin is sufficient to account for inhibition of IFN-g
production and entry into the cell cycle. Nevertheless, the

coordinate induction and activation of the NF-AT and NF-kB

are required to regulate IL-2, IFN-g and cyclin gene expres-

sion (Ferreira et al., 1999). We have shown that the NF-AT

inhibitor cyclosporin A and the NF-kB inhibitor PDTC can

block IL-2, IFN-g and cyclin D3 mRNA transcripts and cell

proliferation in PBMC stimulated with PHA. Both EMSA and

nuclear translocation analysis were applied to determine

inhibitory effects of suberosin on NF-AT and NF-kB activa-

tion. Thus, the inhibition by suberosin of IL-2, IFN-g and

cyclin gene expression and of PBMC proliferation could be

explained by suberosin inhibiting nuclear translocation and

DNA-binding activity of NF-AT and NF-kB, thereby prevent-

ing entry of PBMC into the cell cycle.

As a consequence of an increase of [Ca2þ ]i levels,

calcineurin, a Ca2þ /calmodulin-dependent protein phos-

phatase, is activated, leading to dephosphorylation of NF-AT

and its subsequent nuclear translocation (Sée et al., 2004).

Although PKC activation sequentially results in the phos-

phorylation and in an incomplete degradation of IkB in T

cell lines, co-activation of Ca2þ -dependent pathways accel-

erates the rate of IkB phosphorylation and results in its

complete degradation (Lewis, 2001). Therefore, the Ca2þ -

dependent pathways synergize with PKC-induced activation

of nuclear factor NF-kB in T cell lines (Steffan et al., 1995).

Whitaker and Larman (2001) have provided clear evidence

for a role of [Ca2þ ]i in the G1/S and G2/M phases of the cell

cycle . We have demonstrated that the magnitude of the

Ca2þ signal in PBMC triggered by PHA was affected by

suberosin. It is likely that this could affect activation of

NF-AT and NF-kB in PBMC stimulated with PHA. Sustained

activation of ERK is required for fibroblasts to pass the

restriction point in G1 and enter S-phase (Pages et al., 1993).

The activation of ERK results in the activation of a range of

transcriptional factors and cyclin D expression is positively

regulated by this ERK signal (Lavoie et al., 1996). Investiga-

tion of the activation of JNK, ERK and p38 pathways, as

determined by assaying their phosphorylation, showed that

ERK was affected by suberosin, whereas JNK and p38 were

not affected. The ERK inhibitor U0126 decreased cyclin D3,

IL-2 and IFN-g gene expression in PHA-activated PBMC. We

suggest that inhibitory effects of suberosin on gene expres-

sion of these cyclins and cytokines and on cell cycle entry are

related to inhibition of ERK phosphorylation.

From the present results, we hypothesize that inhibitory

mechanisms of suberosin on PHA-activated PBMC prolifera-

tion, at least in part, are related to: (1) suberosin affecting

[Ca2þ ]i in the cells; (2) suppression of ERK phosphorylation;

(3) reduction of NF-AT and NF-kB activation; (4) decreased

production of cytokines and cyclins, as the entry into S
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phase of the cell cycle induced by PHA was blocked and

(5) inhibition of entry into the S phase of the cell cycle

causing the antiproliferative effect of suberosin on PBMC.

It is believed that arthritis, asthma, cough, and rheumatism

are related to overexpression of inflammatory responses

(Goodman et al., 1996). Increased activity of NF-kB tran-

scription factor system has been documented in chronic

tissue inflammation; accordingly, pharmacologic blockade

may become particularly important in the treatment of

inflammatory diseases (Neurath et al., 1996). Thus, the

results of the present study indicate that suberosin present

in extracts of P. zeylanica may also have acted to reduce

tissue inflammation in part by inhibiting PBMC prolifera-

tion, cytokines gene expression, and NF-kB activation. Our

observations correlated with the putative pharmacological

activities of P. zeylanica. The relative contributions of these

activities to the potent immunosuppressive action of

suberosin in vivo remain to be elucidated.
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