Journal of Cellular Biochemistry 110:1082-1093 (2010)

Plumbagin Inhibits Proliferative and Inflammatory Responses
of T Cells Independent of ROS Generation But by Modulating
Intracellular Thiols
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ABSTRACT

Plumbagin inhibited activation, proliferation, cytokine production, and graft-versus-host disease in lymphocytes and inhibited growth of
tumor cells by suppressing nuclear factor-«B (NF-«B). Plumbagin was also shown to induce reactive oxygen species (ROS) generation in
tumor cells via an unknown mechanism. Present report describes a novel role of cellular redox in modulation of immune responses in normal
lymphocytes by plumbagin. Plumbagin depleted glutathione (GSH) levels that led to increase in ROS generation. The decrease in GSH
levels was due to direct reaction of plumbagin with GSH as evinced by mass spectrometric and HPLC analysis. Further, addition of plumbagin
to cells resulted in decrease in free thiol groups on proteins and increase in glutathionylation of proteins. The suppression of mitogen-induced
T-cell proliferation and cytokine (IL-2/IL-4/IL-6/IFN-y) production by plumbagin was abrogated by thiol antioxidants but not by non-thiol
antioxidants confirming that thiols but not ROS play an important role in biological activity of plumbagin. Plumbagin also abrogated
mitogen-induced phosphorylation of ERK, IKK, and degradation of IkB-a. However, it did not affect phosphorylation of P38, JNK,
and AKT. Our results for the first time show that antiproliferative effects of plumbagin are mediated by modulation of cellular redox.
These results provide a rationale for application of thiol-depleting agents as anti-inflammatory drugs. J. Cell. Biochem. 110: 1082-1093,
2010. © 2010 Wiley-Liss, Inc.
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(5-hydroxy-2-methyl-1,4-naphthoquinone) is plumbagin, has been used in traditional Indian medicine since

P lumbagin

found in the plants of Plumbaginaceae, Droseraceae,
Ancestrocladaceae, and Dioncophyllaceae families. Plumbagin is
also present along with a series of other structurally related
naphthoquinones in the roots, leaves, bark, and wood of Juglans
regia (English walnut, Persian walnut, and California walnut),
Juglans cinerea (butternut and white walnut), and Juglans nigra
(black walnut). Preparations derived from black walnut have been
used as hair dyes and skin colorants in addition to being applied
topically for the treatment of acne, inflammatory diseases, ring-
worm, and fungal, bacterial, and viral infections. The root of
Plumbago zeylanica (also called Chitrak), a major source of

750 BC as an antiatherogenic, cardiotonic, hepatoprotective, and
neuroprotective agent [Padhye and Kulkarni, 1973; Tilak et al.,
2004]. The active principle, plumbagin, was first isolated in 1829
[D’Astafort, 1829].

Plumbagin has been shown to exert several therapeutic biological
effects including anticancer, antiproliferative, chemopreventive,
chemotherapeutic, and radiosensitizing properties in experimental
animals as well as in tumor cells in vitro [Naresh et al., 1996; Singh
and Udupa, 1997; Hazra et al., 2002]. Earlier, we showed that
plumbagin exerts its various activities through suppression of the
transcription factor nuclear factor-kB (NF-kB). It suppressed
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constitutive as well as inducible NF-«B in various human tumor cell
lines [Sandur et al., 2006]. Recently, we showed that plumbagin
inhibited NF-«kB activation in lymphocytes. The suppression of NF-
kB by plumbagin resulted in inhibition of mitogen-induced
activation and proliferation of lymphocytes [Checker et al.,
2009]. It also inhibited lipopolysaccharide-induced activation and
cytokine production in macrophages [Raghu et al., 2009]. We also
showed that plumbagin suppressed homeostatic proliferation of
autologous T cells in lymphopenic mice and graft-versus-host
disease associated morbidity and mortality, which are known to
require NF-kB activation [Checker et al., 2009; Sharma et al., 2009].
In addition to having anti-inflammatory and growth-modulatory
effects, plumbagin exhibited antibacterial action through genera-
tion of pro-oxidants [Krishnaswamy and Purushothaman, 1980]. It
generated reactive oxygen species (ROS) in tumor cells leading to
DNA damage and cytotoxicity [Inbaraj and Chignell, 2004; Srinivas
et al., 2004; Kawiak et al., 2007]. It was shown that plumbagin
directly inhibited the binding of NF-«kB to its consensus target
sequence by modifying a critical cystine-38 residue on p65 in tumor
cells. This suppressive effect of plumbagin was shown to be sensitive
to thiol-containing antioxidant, dithiothreitol [Sandur et al., 2006].
Cellular redox status plays an important role in the biological
effector functions of lymphocytes and leukocytes [Malmberg et al.,
2001; Hildeman et al., 2003b; Klemke and Samstag, 2009]. Since
oxidative stress has been shown to modulate signaling pathways
through modulation of thiol groups present on proteins and
glutathionylation of many proteins [Fratelli et al., 2002; Biswas
et al., 2006; Winterbourn and Hampton, 2008; Dalle-Donne et al.,
2009], we hypothesized that the anti-inflammatory effects of
plumbagin may be due to its ability to perturb the redox balance
in cells leading to modification of critical signaling molecules
required for activation of lymphocytes. Further, the modulation of
intracellular redox by plumbagin and its mechanism is not fully
understood. To test this hypothesis, we investigated the effect of
plumbagin on cellular redox status. We also examined the effects of
different antioxidants (thiol/non-thiol) on immunosuppressive and
anti-inflammatory effects of plumbagin. The biochemical and
signaling mechanisms responsible for novel redox dependent anti-
inflammatory action of plumbagin are described herein.

REAGENTS

Plumbagin (practical grade), RPMI 1640 medium, HEPES, ethyle-
nediaminetetraacetic (EDTA), ethylene glycol tetraacetic acid
(EGTA), phenylmethylsulfonyl fluoride (PMSF), leupeptin,
aprotinin, benzamidine, dithiothreitol (DTT), glutathione (GSH),
N-acetyl cysteine (NAC), nonidet P-40, propidium iodide (PI),
Hoechst, monochlorobimane, maleic acid diethyl ester (DEM),
dimethyl sulfoxide (DMSO), rotenone, allopurinol, diphenyleneio-
donium, and antibodies against BCL-2, BCL-xL, Cyclin A, and
B-actin were purchased from Sigma Chemical Co. (USA). A 100 mM
solution of plumbagin was prepared in DMSO, stored as small
aliquots at —20°C, and then diluted as needed in cell culture
medium. Carboxy fluorescein diacetate succinimidyl ester (CFSE),
5-(and-6)-carboxy-2,7-dichlorofluorescein  diacetate (DCF-DA),

streptavidin agarose, biotin C2-iodoacetamide, glutathione ethyl
ester biotin amide (Bio-GEE) were procured from Molecular Probes,
Invitrogen. Fetal calf serum (FCS) was obtained from Gibco BRL.
Concanavalin A (con A), Mn (I1I) tetrakis (4-benzoic acid) porphyrin
(MnTBAP), Trolox, Catalase Assay Kit, and Superoxide dismutase
enzyme assay kit were purchased from Calbiochem (USA). ELISA
sets for detection of cytokines (IL-2, IL-4, IL-6, and IFN-vy) were
procured from BD Pharmingen (USA). Antibodies against p-ERK,
ERK, p-IKKa/B, IKKa, IKKB, IB-a, p-P38, P38, p-JNK, JNK, p-AKT,
and AKT were obtained from Cell Signaling Technologies (USA).

ANIMAL MAINTENANCE

Six- to eight-week-old inbred Swiss male mice, weighing
approximately 20-25g, reared in the animal house of Bhabha
Atomic Research Centre were used. They were housed at 23 4 3°C
with a 12:12h light/dark cycle and were given mouse chow and
water ad libitum. The guidelines issued by the Institutional Animal
Ethics Committee of Bhabha Atomic Research Centre, Government
of India, regarding the maintenance and dissections of small animals
were strictly followed.

PROLIFERATION ASSAY

Lymphocytes were obtained by squeezing the spleen through a
nylon mesh in a petri plate containing RPMI medium. The RBCs were
lysed by brief hypotonic shock. Lymphocytes were stained with
CESE (20 wM, 5min, 37°C) and washed three times using ice-cold
RPMI medium containing 10% FCS, 1001U/ml penicillin, and
100 mg/ml streptomycin. Two million lymphocytes were treated
with different antioxidants for 2h followed by plumbagin (1 wM,
2h) and were stimulated with con A (5 wg/ml) for 72h at 37°C in
2 ml RPMI with 10% FCS in a 95% air/5% CO, atmosphere. Vehicle
(DMSO)-treated cells served as a control. Cell proliferation was
measured by dye dilution in a flowcytometer (BD FACSAria).
Percent daughter cells that showed a decrease in CFSE fluorescence
intensity were calculated using FCS express (Version 3) software.

MEASUREMENT OF CYTOKINE SECRETION

The concentration of IL-2, IL-4, IFN-+y, and IL-6 in the supernatant of
control vehicle-treated cells and cells stimulated with con A (5 pg/
ml) for 24 h after plumbagin (1 nM) treatment was estimated using
cytokine ELISA sets (BD Pharmingen).

WESTERN BLOT ANALYSIS

To determine the levels of protein expression, whole cell lysates were
prepared [Takada and Aggarwal, 2003] and fractionated by SDS-
PAGE. After electrophoresis, the proteins were electrotransferred to
nitrocellulose membranes, probed with the appropriate antibodies,
and detected by enhanced chemiluminescence (Roche, Germany).

INTRACELLULAR GSH ASSAY

To measure intracellular GSH, lymphocytes were incubated with the
indicated concentrations of DEM or treated with plumbagin for 4 h
at 37°C. Monochlorobimane (final concentration, 40 wM, 30 min at
37°C) was loaded into cells [Hedley and Chow, 1994]. Fluorescence
emission from cellular sulfhydryl-reacted monochlorobimane was
measured using a spectrofluorimeter (BMG Labtech Optima).

JOURNAL OF CELLULAR BIOCHEMISTRY

1083

REDOX-DEPENDENT IMMUNOMODULATION BY PLUMBAGIN



Monochlorobimane is also known to react with small-molecular-
weight thiols other than GSH but GSH forms the major
monochlorobimane reactive thiol. Hence, MCB fluorescence is
referred to as GSH levels in this manuscript. There are several reports
in the literature measuring GSH levels using this dye [Bouzyk et al.,
1997; Deas et al., 1997; Agrawal et al., 2007].

PRO-OXIDANT MEASUREMENTS

To detect intracellular ROS, lymphocytes were preincubated with
20 uM oxidation-sensitive DCF-DA for 25 min at 37°C before being
treated with various concentrations of plumbagin. The oxidized
form of the dye (DCF) acts as a control for changes in uptake, ester
cleavage, and efflux [Checker et al., 2008]. After 1h of incubation,
the increase in fluorescence resulting from oxidation of H,DCF to
DCF was measured using a spectrofluorimeter.

HPLC SEPARATION OF PRODUCTS OF REACTION OF PLUMBAGIN
WITH GSH

A Waters (Milford, MA) Millenium32 chromatographic system
equipped with model 510 pumps, a U6K injector, a system interface
module, and a diode array detector was used for sample analyses.
Separations were achieved on Waters Spherisorb S3 ODS2 reverse
phase column (4.6 mm x 150 mm). The column was equilibrated
with HPLC grade water at a flow rate of 1 ml/min prior to injecting
25l of the reaction mixture. Elution was carried out using a
gradient of acetonitrile from 0% to 100% over 20 min, beginning
2 min after injection of the sample. Absorbance of the effluent was
measured using a diode array detector.

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

LC-MS was performed using a Varian ProStar 410 AutoSampler in
combination with Varian 1200L LC-MS equipment triple quadru-
pole mass (QqQ) spectrometer with ESI source (Varian, Inc., USA).
The column was 3pum C18, 100mm X 2.1 mm (Phenomex). A
gradient mobile phase was used at 0.2 ml/min. The ESI source
operated in positive ionization mode.

CONFOCAL MICROSCOPY

Confocal laser microscopy was used to study the entry of plumbagin
into lymphocytes. Lymphocytes were incubated with or without
plumbagin (10 M) in medium containing 10% FBS. At the end of
24h, the cells were centrifuged onto coverslips, fixed with
paraformaldehyde, stained with Hoechst stain for nuclear staining,
and mounted onto glass slides. Slides were examined using a
LSM510 scanning module (Carl Zeiss Microscopy, Jena GmbH,
Germany) with a krypton-argon laser, coupled to an Orthoplan Zeiss
photomicroscope using a 488 nm laser line and a 510nm-band pass
filter. Overlay images were recorded by superimposing simultaneous
images from each channel.

LABELING, PULL DOWN, AND DETECTION OF PROTEIN THIOLATES
To detect protein thiolate anions, lymphocytes were preincubated
with plumbagin for 4h after which the cells were harvested and
whole cell lysates were prepared. The lysates were incubated with
BIAM (0.2mM) for 30min at 37°C and then incubated with
streptavidin agarose beads (20 wl/mg of protein) for 1h at 4°C. The

agarose beads were separated by centrifugation, washed four times
with RIPA buffer (1% NP-40, 0.1% SDS, 0.5mg/ml sodium
deoxycholate, 150 mM NaCl, and 50 mM Tris-HCl, pH 7.5) and
boiled in SDS sample buffer. Proteins in the eluent were resolved by
SDS-PAGE and detected by Coomassie blue staining [Ying et al.,
2007].

PURIFICATION OF PUTATIVE S-GLUTATHIONYLATED PROTEINS
USING BIO-GEE

Lymphocytes were incubated with Bio-GEE (250 uM, 1h) prior to
the addition of plumbagin at the concentrations indicated for 4h
with cycloheximide (1 pg/ml). Incubations were terminated, and a
soluble protein extract was obtained as described above. The soluble
proteins were then incubated with streptavidin agarose beads (20 w1/
mg of protein) for 30 min at 4°C. The agarose beads were separated
by centrifugation, washed four times with RIPA buffer, and boiled
in SDS sample buffer. Proteins in the eluent were resolved by
SDS-PAGE and detected by Coomassie blue staining [Sullivan et al.,
2000].

STATISTICAL ANALYSIS

The statistical significance of the differences in respect of all
parameters studied between untreated and con A stimulated cells in
presence or absence of plumbagin or antioxidants was assessed by
Student’s “f’-test.

The aim of the present studies was to investigate the role of cellular
redox status on immunomodulation by plumbagin. The antioxidants
and pharmacological inhibitors used in these experiments did not
affect viability of lymphocytes.

PLUMBAGIN MODULATES CELLULAR REDOX BY CHANGING ROS
LEVELS, GSH CONTENT, AND ANTIOXIDANT ENZYME ACTIVITY
Figure 1A shows the levels of ROS in control and plumbagin-treated
lymphocytes. Plumbagin (5 pM)-induced increase in ROS levels in
lymphocytes was further augmented in presence of diethymaleate, a
GSH depleting agent (Fig. 1A). To estimate the effect of plumbagin
on intracellular GSH levels, lymphocytes were incubated with
plumbagin or DEM for 4h. Plumbagin-treated cells showed
significantly lower levels of intracellular GSH as compared to
untreated cells (Fig. 1B). The positive control, DEM showed depletion
of GSH to a similar extent as plumbagin (Fig. 1B). Further, to identify
the intracellular source of ROS in plumbagin-treated cells,
lymphocytes were incubated with inhibitors of xanthine oxidase
(allopurinol, AP, 1mM), NADPH oxidase (DPI, 50 uM), or
mitochondrial complex I inhibitor (rotenone, 10 puM). These
inhibitors did not abrogate the plumbagin-induced increase in
ROS levels in lymphocytes (Fig. 1C). Incubation of lymphocytes with
NAC (10 mM) prior to addition of plumbagin, on the other hand, led
to decrease in ROS production (Fig. 1C). All the inhibitors of ROS
generation used in our experiment reduced the DCF fluorescence
suggesting that basal ROS levels decreased upon addition of these
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Fig. 1. A:Plumbagin increased ROS levels in lymphocytes. Lymphocytes were stained with DCF-DA (20 M, 30 min, 37°C) and were treated with plumbagin (1 and 5 M) in
presence or absence of DEM. Each bar shows mean DCF-DA fluorescence & SEM from four replicates and three such independent experiments were carried out. “P< 0.01 as
compared to untreated cells, “P< 0.01 as compared to plumbagin (5 wM)-treated cells. B: Plumbagin depleted intracellular thiols. Lymphocytes were treated with plumbagin or
DEM (90 M) for 4 h at 37°C and stained with MCB (final concentration 40 p.M) for 30 min. Fluorescence emission was measured at 490 nm following excitation at 394 nm.
Each bar shows mean MCB-GSH adduct fluorescence &= SEM from four replicates and three such independent experiments were carried out. “P < 0.01 as compared to untreated
cells stained with MCB. C: Effect of different inhibitors of ROS generation or N-acetylcysteine (NAC, 10 mM) on plumbagin-mediated increase in ROS. Lymphocytes were
incubated with inhibitors of NADPH oxidase, xanthine oxidase, or mitochondrial complex | (diphenyl iodonium, DPI, 50 uM or allopurinol, AP, 1 mM or rotenone, ROT, 10 wM,
respectively) or NAC (10 mM) for 2 h and stained with DCF-DA. The cells were treated with plumbagin for 1 h at 37°C and fluorescence emission was measured at 520 nm
following excitation at 488 nm. Each bar shows mean DCF fluorescence & SEM from four replicates and two such independent experiments were carried out. “P<0.01 as
compared to untreated cells stained with DCF-DA. *P < 0.01 as compared to plumbagin-treated cells. D: Effect of different inhibitors of ROS generation on basal ROS levels.
Lymphocytes were incubated with inhibitors of NADPH oxidase, xanthine oxidase, or mitochondrial complex | (diphenyl iodonium, DPI, 50 uM or allopurinol, AP, 1 mM or
rotenone, ROT, 10 pM, respectively) for 2 h and stained with DCF-DA. Fluorescence emission was measured at 520 nm following excitation at 488 nm. Each bar shows mean DCF
fluorescence + SEM from four replicates and two such independent experiments were carried out. *P< 0.01 as compared to untreated control cells. “P < 0.01 as compared
untreated cells stained with DCF-DA. E: Plumbagin enhanced catalase activity but not SOD activity. Lymphocytes were incubated with plumbagin for 4 h and the activity of
catalase (E) and SOD (F) enzymes was measured according to manufacturer's protocol. Each bar represents catalase activity (E) and SOD activity (F). “P< 0.01 as compared to
vehicle-treated cells. Each bar shows mean + SEM from three replicates and two such independent experiments were carried out.
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inhibitors to lymphocytes (Fig. 1D). The common groups in
Figure 1A,C (Control, DCF, 5 uM P) are from the same experiment.
Since plumbagin induced increase in ROS levels, the activities of
antioxidant enzymes like catalase and SOD in lymphocytes treated
with plumbagin were measured. Plumbagin-treated cells showed
significantly higher catalase activity as compared to untreated cells
(Fig. 1E) without altering the SOD activity in lymphocytes (Fig. 1F).
These results suggest that plumbagin regulates redox status of
lymphocytes by modulation of thiols, mainly GSH levels.

IMMUNOSUPPRESSIVE EFFECTS OF PLUMBAGIN IN LYMPHOCYTES
WERE ABROGATED BY THIOL ANTIOXIDANTS

Figure 2 shows the modulation of immunosuppressive effects of
plumbagin by different antioxidants. Thiol-containing antioxidants
(DTT, GSH, and NAC) abrogated the antiproliferative effect of
plumbagin in mitogen-activated lymphocytes (Fig. 2A-C). However,
antioxidants that do not contain a thiol group (MnTBAP and trolox)
did not restrain the antiproliferative action of plumbagin (Fig. 2D).
Similarly, anti-inflammatory action of plumbagin as seen
by suppression of mitogen-induced cytokines was also curbed by
thiol-containing antioxidants, GSH and NAGC, (Fig. 3A-D) but not
by non-thiol antioxidants (Fig. 3E). Both thiol and non-thiol
antioxidants per se did not affect con A induced IL-2 secretion

(Fig. 3F).

PLUMBAGIN INHIBITED CYTOKINE PRODUCTION IN

ACTIVATED LYMPHOCYTES

Our present results pointed toward a novel redox-dependent
immunosuppressive action of plumbagin. Our previous reports
have shown effective immunosuppressive action of plumbagin in
naive T cells and B cells. Experiments were carried out to determine
if plumbagin could inhibit effector functions in T cells when it was
added after stimulation with mitogen. Figure 4 clearly shows that
plumbagin effectively suppressed cytokine production in T cells
even when it was added up to 60 min after their activation with a
mitogen. To see the reversibility of plumbagin-mediated immuno-
suppression, splenic lymphocytes were treated with plumbagin (4 h)
and cells were washed twice with medium. Cells were then rested for
24h before stimulating with con A. Despite resting cells for 24 h,
plumbagin suppressed con A induced IL-2 production. These results
showed that immunosuppressive effects of plumbagin in lympho-
cytes are not reversible (Fig. S2).

SUPPRESSIVE EFFECTS OF PLUMBAGIN ON MITOGEN-INDUCED
SIGNALING EVENTS WERE SENSITIVE TO GSH

Figure 5A shows the activation of ERK and IKK and degradation
of IkB-a in mitogen-activated lymphocytes as compared to
unstimulated cells. Plumbagin inhibited mitogen-induced activa-
tion of ERK and IKK and degradation of IkB-a in lymphocytes.
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Antiproliferative effects of plumbagin were abrogated by thiol-containing antioxidants. Lymphocytes were stained with CFSE and were incubated with different

antioxidants (GSH 10 mM or NAC 10 mM or DTT 100 wM or MnTBAP 100 M or trolox 100 wM) for 2 h. The cells were stimulated with con A in presence or absence of
plumbagin for 92 h at 37°C in a 5%C0,/99% air atmosphere. Cell proliferation was measured from CFSE dye dilution using a flowcytometer. Percent daughter cells
were calculated using FCSexpress3 software. 95 Representative flowcytometric histograms showing effect of plumbagin on T-cell proliferation (A) and its modulation by thiol-
containing antioxidants (B) and non-thiol antioxidants (C). The percentage of daughter cells in each group is shown in (D). Each bar shows mean +SEM from three
replicates and three such independent experiments were carried out. “P< 0.01 as compared to untreated cells and *P< 0.01 as compared to untreated cells stimulated

with con A.
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production. Each bar represents mean = SEM from three replicates and two such independent experiments were carried out. “P< 0.01 as compared to control untreated cells.

JOURNAL OF CELLULAR BIOCHEMISTRY

REDOX-DEPENDENT IMMUNOMODULATION BY PLUMBAGIN

1087



A me

Wi 1

50 <

Interieukdn-2 (ppim)

# # #
# —

o o "‘“ °fv'*§".v““‘“
'Wan' |~ "aﬂ"‘b
C 1]
150 - 5

150

e <

Interieuldn-6 {pgimi)

ﬁﬁﬁﬂ

1m &
Moﬁ"'a" cp“"

Fig. 4.

B Som

458 4 1
d0E 4

= 130 4

E“l-
E 150 4

X 1004
158 4
18 4

58 - # L

W #
*Nﬁi n“"'@“"sﬁ“"ﬁ“"
w"’“ c.""‘

I Moﬁvn .ﬁﬁwg 'I‘pﬂ 1‘“‘
h

Inhibition of cytokine production in activated lymphocytes by plumbagin. Lymphocytes were stimulated with con A (5 pg/ml) following which plumbagin was added at

the indicated time points and the cells were cultured for 24 h at 37°C. Vehicle-treated cells served as control. The concentration of cytokines in the supernatant was estimated
using ELISA. Each bar represents concentration of (A) IL-2, (B) IL-4, (C) IL-6, and (D) IFN-v. Data points represent mean + SEM from three replicates and two such independent
experiments were carried out. “P< 0.01, as compared to vehicle-treated cells and #P < 0.01, as compared to con A stimulated cells.

Plumbagin down-modulated the expression of NF-kB-dependent
genes like Bcl-2, Bel-xL, and cyclin A (Fig. 5B). The suppressive
action of plumbagin in activated lymphocytes was completely
abrogated by GSH (Fig. 5A,B). At the same time, plumbagin
did not suppress mitogen-induced activation of redox-sensitive
molecule c-Jun N-terminal kinase (JNK) (Fig. 5C). The mitogen-
induced activation of P38MAPkinase and atypical kinase (AKT) was
also not suppressed by plumbagin as shown in Figure 5C suggesting
that it has specific targets in cells.

PLUMBAGIN INTERACTED WITH GSH

Since antiproliferative and anti-inflammatory effects of plumbagin
were sensitive to presence of thiol antioxidants, experiments were
carried out to determine whether plumbagin physically interacted
with thiol groups. Plumbagin was incubated with GSH and subjected
to HPLC separation. Retention time of pure plumbagin on C18
column was 3.5 min (Fig. 6A, red line). This peak disappeared when
plumbagin was preincubated with GSH and a new peak appeared at
17.5 min (Fig. 6A, blue dotted line). A minor peak also appeared at
13.5 min. These results indicated that the reaction of plumbagin with
GSH formed a single major product which could be adduct of
plumbagin with GSH. To characterize this adduct, LC-MS analysis

was carried out. Molecular mass analysis revealed that the major
peak corresponded to plumbagin-GSH adduct (M=494)
(Fig. 6B, upper panel). In addition to plumbagin-GSH complex,
plumbagin also induced GSH to GSSG conversion. A peak
corresponding to molecular mass 204 also appeared which may
be hydroxylated plumbagin (Fig. 6B, lower panel). There were other
minor peaks appearing at different molecular masses, which could
not be characterized. However, these products did not appear in
HPLC separation. This could be due to similar polarity of the
products making them separate at the same retention time.

PLUMBAGIN ENTERED CELLS AND INDUCED GLUTATHIONYLATION
OF PROTEINS IN LYMPHOCYTES

Figure 7A shows the confocal images of lymphocytes treated with
plumbagin for 24 h and stained with Hoechst. Plumbagin entered
lymphocytes and majority of it was localized in the nucleus
(Fig. 7A). Since plumbagin reacted with GSH and also induced
conversion of GSH to GSSG in cell-free systems and also depleted
cellular GSH levels, experiments were carried out to determine
whether plumbagin induces protein glutathionylation in cells.
Lymphocytes were treated with plumbagin and cell lysates were
incubated with BIAM. Using equal amount of protein in each group,
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Fig. 5. Inhibition of proliferation/survival associated signaling molecules by plumbagin and their modulation by GSH in activated T cells. Lymphocytes were incubated with
plumbagin (1 M, 4 h) in presence or absence of GSH and were stimulated with con A (5 wg/ml) for 1 h (A,C) or 24 h (B). Whole cell lysates were prepared, fractionated on 10%
SDS-PAGE, and electrotransferred to nitrocellulose membrane. Western blot analysis was performed using different antibodies specific for (A) P-ERK, ERK, P-IKK-a/B, IKK-c,
IKK-B, IkB-q, (B) BCL-2, BCL-xL, Cyclin A, and (C) P-P38, P-38, P-JNK, JNK, P-AKT, AKT. 3-Actin was used as loading control. Two such independent experiments were carried

out.

non-glutathionylated proteins conjugated with BIAM were pulled
down using streptavidin agarose beads and were resolved on SDS-
PAGE. Lymphocytes treated with plumbagin showed marked
decrease in free thiol groups on proteins (Fig. 7B). To assess the
effect of plumbagin on protein glutathionylation, cells were
incubated with cell permeable biotinylated-glutathione-ethyl ester
(Bio-GEE). Bio-GEE loaded cells were treated with vehicle or
plumbagin and cell lysates were prepared. Equal amount of protein
in each group was used for precipitation of glutathionylated proteins
using streptavidin agarose beads and resolved on SDS-PAGE.
Coomassie staining showed a dose-dependent increase in specific
glutathionylated proteins in plumbagin-treated samples as com-
pared to that in untreated control cells (Fig. 7C).

Cellular redox status is determined by balance between levels of pro-
oxidants (ROS and RNS) and antioxidants (glutathione peroxidase,
superoxide dismutase, and catalase) and rate of cellular respiration/
metabolism. The ratio of GSH to GSSG is also considered to be
intrinsic determinant of the cellular redox status. Cellular redox has
been shown to play a critical role in lymphocyte activation, survival,
and proliferation [Flescher et al., 1994, 1998; Lahdenpohja et al.,
1998; Hildeman et al., 2003b]. Exposure of T cells to ROS scavenging
agents like MnTBAP and chlorophyllin has been shown to increase
cellular survival via upregulation of antiapoptotic gene expression

[Hildeman et al., 2003a; Sharma et al., 2007a,b]. On the contrary,
exposure of T cells to oxidizing agents like H,0,, xanthine/xanthine
oxidase has been shown to suppress T cell activation, proliferation,
and cytokine production via suppression of NF-kB [Pahlavani and
Harris, 1998]. The anti-inflammatory and immunosuppressive
effects of plumbagin are known to be mediated via inhibition of
NF-kB activation in lymphocytes [Checker et al., 2009; Sharma
et al., 2009].

In the present report we found that plumbagin disrupted cellular
redox homeostasis (Fig. 1A,B). The increased levels of ROS in
plumbagin-treated cells could be due to (i) an increase in the
activities of NADPH oxidase or (ii) xanthine oxidase or (iii) influx
from mitochondrial electron transport chain or (iv) modulation of
free thiol levels. Since plumbagin-induced increase in intracellular
ROS was not affected by specific inhibitors of NADPH oxidase,
xanthine oxidase, and mitochondrial complex I (Fig. 1C), the role of
first three of the above possibilities toward plumbagin-induced
disruption of cellular redox was not apparent. Therefore, it may be
concluded that plumbagin exerted its effects by depleting GSH in
Iymphocytes. This was supported by decrease in MCB-GSH
adduct fluorescence in plumbagin-treated cells (Fig. 1B). DEM, a
well-known depletor of GSH [Plummer et al., 1981], accentuated
ROS levels in plumbagin-treated lymphocytes compared to that by
plumbagin alone (Fig. 1A). Further, cell permeable thiol antioxidant
NAC significantly lowered ROS levels in plumbagin-treated
cells (Fig. 1C). These data clearly suggested that depletion of
intracellular thiols by plumbagin could be responsible for increased
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Fig. 6. A: HPLC separation of products of reaction of plumbagin with GSH. Plumbagin (100 M) was mixed with GSH (10 mM) in 10 mM potassium phosphate buffer. After
1 h incubation at 37°C, 25 p.l of each sample was subjected to HPLC. Effluent was monitored using a diode array detector. Red line (solid) indicates plumbagin alone and blue
(dotted) line indicates reaction product(s) of plumbagin with GSH. B: Identification of products of reaction of plumbagin with GSH by mass spectrometry. Sample containing
100 M plumbagin in 10mM GSH was subjected to LC-MS analysis using ESI ion trap detector. Two major peaks corresponding to plumbagin—-GSH adduct (mol. wt
494, upper panel) and hydroxylated product of plumbagin (mol. wt 204, lower panel) were observed following ESI-MS analysis. Two such independent experiments were carried

out.

ROS levels in lymphocytes [Henry and Wallace, 1996]. Although
plumbagin was previously reported to induce ROS generation in
tumor cells, the mechanism of this phenomenon was not known. In
this report, for the first time we show GSH depletion as a source
of ROS generation in normal lymphocytes following plumbagin
treatment.

In normal cells, ROS homeostasis is maintained by antioxidant
enzymes like superoxide dismutase, catalase, and glutathione
peroxidase. The changes in ROS levels by exogenous agents have
also been shown to affect the expression/activity of these enzymes.
It was observed that the activity of catalase was significantly higher
in plumbagin-treated cells (Fig. 1E). This may be due to cellular
response to increased levels of H,0, following treatment with
plumbagin. However, the activity of SOD enzyme was not altered
(Fig. 1F) indicating that plumbagin may preferentially induce
hydrogen peroxide and not superoxide anions in lymphocytes. The
DCF-DA dye used in our experiments to detect intracellular ROS
levels is known to be relatively specific for hydrogen peroxide which
confirms the production of this pro-oxidant. Earlier reports by
several investigators have shown that agents that increase oxidative

stress are capable of activating redox-dependent transcription factor
NF-E2-related factor-2 (Nrf-2) [Kang et al., 2005]. In agreement with
this, a recent report showed that plumbagin is able to increase
nuclear localization and transcriptional activity of Nrf2 in human
neuroblastoma cells [Son et al., 2010].

In order to determine whether increased ROS levels or decreased
thiol content or both were responsible for immunosuppressive
action of plumbagin, effect of thiol and non-thiol antioxidants was
investigated on suppression of mitogen-induced T-cell activation by
plumbagin. Addition of DTT or NAC would increase the intracellular
thiols whereas GSH being cell impermeable may inhibit plumbagin’s
action by extracellular interaction with it. It was observed that
suppression of mitogen-induced cytokines and T-cell proliferation
by plumbagin were ameliorated by thiol-containing antioxidants
GSH, DTT, and NAGC, but not by non-thiol antioxidants suggesting
that modulation of cellular thiol levels was very critical for
immunosuppression by plumbagin (Figs. 2 and 3).

Changes in cellular thiol levels have been shown to affect
multiple signaling pathways in different cell lines. Many of the
proteins and transcription factors like P65, IKK, thioredoxin
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Fig. 7. A: Plumbagin enters lymphocytes. Lymphocytes were incubated with
plumbagin for 24 h and fixed with paraformaldehyde. The cells were stained
with Hoechst and observed under confocal microscope. B: Enrichment of
iodoacetamide reactive sulfhydryl groups on proteins. lodoacetamide (IAM)
binds selectively to protein thiolate anions. The lysates of lymphocytes
incubated with 5 M plumbagin for 4 h were treated with BIAM (0.2 mM)
for 30 min at 37°C. Streptavidin agarose beads (20 .l/mg of protein) were
added to the lysates and incubated for 1h at 4°C. The agarose beads were
separated by centrifugation, washed four times with RIPA buffer, and boiled in
SDS sample buffer. Proteins in the eluent were resolved by SDS-PAGE and
detected by Coomassie blue staining. C: Purification of putative S-glutathio-
nylated proteins. Protein extract was obtained as described under the Materials
and Methods Section from Bio-GEE loaded lymphocytes incubated with
plumbagin (0 or 5 or 10 uM, 4h). Biotin-labeled proteins were extracted
from total protein using streptavidin agarose beads. The beads were washed
with RIPA buffer and boiled in SDS sample buffer. The eluted proteins were
resolved by SDS-PAGE and were detected by Coomassie blue staining of the
gel. Two such independent experiments were carried out.

reductase, PI3kinase/AKT, and Keap1 have been shown to be highly
sensitive to changes in cellular redox status [Zhang and Hannink,
2003; Smart et al., 2004; Sandur et al., 2006; Gloire and Piette, 2009;
Harikumar et al., 2009; Naughton et al., 2009]. Our present results
show that disruption of cellular redox by plumbagin affected
specific signaling events following TCR ligation with mitogen
(including NF-kB, ERK, BCL-2, BCL-xL, and cyclin A) which are
involved in cellular survival and proliferation (Fig. 5A,B). However,
plumbagin did not inhibit signaling events required for activation of

transcription factor AP-1 (P38MAPkinase and JNK) and signals
emanating from costimulatory molecule (AKT) in activated T cells
(Fig. 5C). These results were in agreement with our earlier report
showing that plumbagin did not suppress AP-1 in tumor cells
[Sandur et al., 2006]. However, the mechanism of suppression of
certain signaling events by plumbagin without affecting other
activation signals in T cells is not completely understood. These
novel targets identified for immunosuppressive action of plumbagin
differ from the targets of pharmacological drugs like rapamycin,
FK506, and cyclosporine which inhibit mTOR and calcineurin,
respectively. Scheme 1 highlights the signaling events that are
unaffected by plumbagin (shown in green) and blocked by
plumbagin (shown in red), or rapamycin, cyclosporine, and the
PI3kinase inhibitor, Ly294002 (shown in blue).

Most quinones mediate their cellular effects through redox
cycling [Henry and Wallace, 1996]. The modulation of thiol groups
on proteins could be in terms of direct reaction with plumbagin or
glutathionylation of proteins or formation of disulfide bridge
between proteins. Our results for the first time demonstrate that
plumbagin indeed formed an adduct with GSH and also converted
GSH to GSSG in cell-free systems (Fig. 6B). Further, it was shown
that plumbagin modulates thiol groups present on the proteins as
evinced from decrease in iodoacetamide reactive thiol groups of the
proteins (Fig. 7B). The results using Bio-GEE for the first time
demonstrated formation of PSSG (protein-glutathione adduct) in
plumbagin-treated cells (Fig. 7C). Earlier reports have shown that
IKK and IkB-a, whose activation is suppressed by plumbagin in
lymphocytes, is regulated by glutathionylation suggesting that
NF-kB activation is regulated by redox modulation [Reynaert et al.,
2006; Kil et al., 2008]. Such reactions have been shown to occur in
cells exposed to oxidative stress [Sullivan et al., 2000].

Any possible therapeutic use of plumbagin for amelioration of
inflammation or immunosuppression would require inhibition of
effector functions in activated lymphocytes. Our earlier published
results had shown that prior incubation of cells with plumbagin
before stimulation with mitogen resulted in complete suppression of
effector functions like cytokine production, proliferation, and
GVHD [Checker et al., 2009; Raghu et al., 2009; Sharma et al., 2009].
Present results showed an efficient suppression of proinflammatory
cytokine production in mitogen-activated lymphocytes by plum-
bagin even when it was added to the cells 1h after stimulation
(Fig. 4). The use of a phytochemicals with a favorable toxicity
profile is particularly helpful in chronic inflammatory conditions
such as autoimmune diseases where protracted use of traditional
immunosuppressants such as corticosteroids and cytotoxic agents
(methotrexate, azathioprine, cyclosporine, etc.) is associated
with cumulative long-term toxicities. Thus, plumbagin may find
potential clinical application as an anti-inflammatory or immuno-
suppressive agent for the treatment of disease conditions mediated
by activated and memory lymphocytes, even when used after the
triggering event has occurred.

Present report for the first time shows a ROS-independent
mechanism of anti-inflammatory action of plumbagin. Modulation
of cellular thiols played a more significant role than increased
ROS levels in biological actions of plumbagin. For the first time,
evidence for a role for glutathionylation of cellular proteins as a
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Scheme. 1. T-cell receptor signaling and its inhibition by plumbagin and other pharmacological inhibitors. The signaling molecules highlighted in red were specifically
inhibited by plumbagin and the molecules highlighted in green were not affected by plumbagin in activated T cells. Targets of pharmacological inhibitors (rapamycin, Ly294002,

and cyclosporine) are highlighted in blue.

mechanism of anti-proliferative action of plumbagin is provided.
Further, mechanistic basis for potential therapeutic application of
plumbagin as an immunosuppressive or anti-inflammatory drug is
highlighted.
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