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Modulation of PKC signaling and induction of apoptosis
through suppression of reactive oxygen species and tumor
necrosis factor receptor 1 (TNFR1): key role of quercetin
in cancer prevention
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Abstract Cancer cells are characterized by increased produc-
tion of reactive oxygen species (ROS) and an altered redox
environment as compared to normal cells. Continuous accu-
mulation of ROS triggers oxidative stress leading to hyper-
activation of signaling pathways that promote cell prolifera-
tion, survival, and metabolic adaptation to the tumor microen-
vironment. Therefore, antioxidants are proposed to contribute
to cancer prevention. Protein kinase C (PKC) is a crucial reg-
ulator of diverse cellular processes and contributes to cancer
progression. The activation of PKC is partially dependent on
ROS signaling. In the present study, cancer preventive activity
of natural flavonoid quercetin is analyzed in ascite cells of
Dalton’s lymphoma-bearing mice. The total ROS level and
activity of PKC were downregulated after quercetin treatment
in lymphoma-bearing mice. Quercetin modulates the expres-
sion of almost all isozymes of classical, novel, and atypical
PKC as well as downregulates the level and expression of
PKCα. Further, quercetin improves apoptotic potential, as ob-
served by the levels of caspase 3, caspase 9, PARP, PKCδ, and
nuclear condensation. Additionally, quercetin reduces cell sur-
vival and promotes death receptor-mediated apoptosis via dif-
ferential localization of the TNFR1 level in ascite cells. The
overall result suggests the cancer preventive activity of quer-
cetin via the induction of apoptosis and modulates PKC sig-
naling with the reduction of oxidative stress in ascite cells of
lymphoma-bearing mice.
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Introduction

Cells are constantly generating reactive oxygen species
(ROS) during aerobic metabolism. Each cell is equipped
with an extensive antioxidant defense system to combat
excessive production of ROS. Oxidative stress exists in
cells when the generation of ROS overcomes the cell’s
natural antioxidant defense [1, 2]. Excessive ROS may
be generated as a result of elevated metabolic processes
or from toxic insult. A high level of ROS directly induces
oxidative damage in lipids, proteins, and nucleic acids [3].
There is a growing consensus that oxidative stress con-
tributes to the initiation of cellular malignancy and pro-
gression of cancer owing to genomic instability, especially
due to mutations in proto-oncogenes and tumor suppres-
sor genes, and subsequent activation of signal transduc-
tion pathways [2, 4–9]. ROS is considered as a modulator
of signaling pathways mediated through extracellular
signal-regulated kinases (ERKs), mitogen-activated pro-
tein kinases (MAPKs), hypoxia-inducible factors (HIFs),
phosphoinositide 3-kinases (PI3Ks), protein kinase C
(PKC), etc. to take part in carcinogenesis [5, 7, 10–12].
Cancer cells are dependent on maintaining a high level of
ROS that allows pro-tumorigenic cell signaling. The de-
pendency of cancer cells on ROS homeostasis may be
potentially exploited to target them therapeutically by
modulation of antioxidant enzymes such as superoxide
dismutase, catalase, glutathione peroxidase, etc. and non-
enzymic antioxidants like ascorbate, tocopherols,
tocotrienols, carotenoids, natural flavonoids, melatonin,
etc. [1, 13–15].
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PKC is a housekeeping enzyme; however, under oxida-
tive stress, it promotes tumorigenesis and malignancy [16,
17]. PKC contains multiple cysteine residue that is oxida-
tively activated by ROS [10, 18]. The activation of PKC is
a prerequisite for NADPH oxidase-dependent ROS gener-
ation [19, 20]. Regulatory as well as catalytic domains of
PKC are differentially activated which regulate different
downstream pathways. Oxidation at the NH2-terminal reg-
ulatory domain activates PKC, whereas oxidation at the
COOH terminal inactivates PKC [10]. The isoforms of
PKC are divided into three categories, namely classical,
novel, and atypical. Different isoenzymes of PKC may ex-
ert similar or opposite cellular effects by differential cou-
pling to signaling pathways [21]. Upregulation of PKCα is
correlated with an increased cell proliferation in various
cancers including lymphoma [22–25].

PKCδ is a ubiquitously expressed and multifunctional
kinase implicated in the regulation of cell death [26, 27].
Different apoptotic stimuli have been shown to induce
caspase-3-dependant cleavage of PKCδ, resulting in the
generation of a constitutively active catalytic fragment
which has been implicated in its pro-apoptotic function
[28–30].

Cellular toxicity induces the intrinsic pathway of apoptosis
via caspase 9 signaling. The extrinsic pathway involves
TNFR1 leading to the caspase 8 signaling cascade as well as
the activation of nuclear factor kappa-B (NF-kB) which con-
trol a large number of inflammatory genes [31–35].

Lymphoma is a cancer of the lymphatic system that orig-
inates from lymphocytes. Dalton’s lymphoma is a fast-
growing, transplantable murine T cell lymphoma. Flavo-
noids are known to possess antiproliferative and antitumor
activities [36]. Quercetin (QUE) is the active component of
dietary flavonoid found in fruits and vegetables. The onion
is the richest source of QUE. QUE possesses several bio-
logical activities, especially useful in cancer treatment. It is
widely used as a nutritional supplement due to antioxidant
and anti-inflammatory properties. Approximately 25–
50 mg of QUE is estimated to be consumed from the daily
diet [37].

Normally, the generation of ROS is balanced by the
endogenous antioxidant defense system as well as by ex-
ogenous natural antioxidant support. However, since oxi-
dative stress is caused by excess ROS accumulation as
compared to antioxidant defense, the administered antiox-
idant should be useful to scavenge ROS and help to reduce
oxidative stress. The present work is aimed to explore the
possibility of using QUE, a putative regulator of oxidative
stress in the prevention of a lymphoma. The objective of
the work is to investigate the effect of QUE on PKC iso-
zymes especially PKCα/PKCδ, its role in the modulation
of ROS and regulation of apoptosis in Dalton’s lymphoma
(DL)-bearing mice.

Materials and methods

Chemicals and antibodies

All chemicals used were of molecular biology and analytical
grade. Quercetin, 2′, 7′-dichlorofluorescein diacetate
(H2DCFDA), tri-reagents for RNA isolation, and horseradish
peroxidase (HRP) conjugated β-actin were purchased from
Sigma-Aldrich (St. Louis, MO); anti-rabbit caspase 3 and
PARP from Cell Signaling Technology (Danvers, MA); anti-
rabbit TNFR1 and Caspase 9 assay kit from Biovision (Mil-
pitas, CA); anti-rabbit PKCα from Santa Cruz (Dallas, TX);
HRP-conjugated goat anti-rabbit secondary antibody from
Bangalore Genei (Bangalore, India); enhanced chemilumines-
cence (ECL) Super Signal Kit from Pierce Biotechnology
(Rockford, IL); PKC assay kit from Promega (Madison,
WI); cDNA synthesis kit and 100 bp Plus DNA ladder from
Thermo Scientific (Waltham, MA), and ethidium bromide and
acridine orange from Loba Chemie (Mumbai, India).

Animals and induction of murine T cell lymphoma
(Dalton’s lymphoma)

AKR strain mice were bred and maintained under standard
laboratory conditions with proper human care, as per the
guidelines of the Institutional Animal Ethical Committee, Ba-
naras Hindu University, Varanasi, at 25±2 °C under a 12-h
light/12-h dark schedule with standard mice feed and drinking
water ad libitum. Healthy adult male mice (16–20 weeks old
and 30±2 g) were used in the experimental work. About 1×
106 viable DL ascite cells in 1 ml of PBS per mouse were
transplanted to adult male mice intraperitoneally (i.p.) as de-
scribed earlier [36]. The success rate of DL development is
100 %. DL ascite cells were a gift from Professor Ajit Sodhi,
School of Biotechnology, Banaras Hindu University, Varana-
si, India. Dalton’s lymphoma is a transplantable murine T cell
lymphoma originated in the thymus gland of a DBA/2 mouse
at the National Cancer Institute, Bethesda, MD, in 1947 [38].

Schedule of QUE treatment to DL mice and sample
collection

The development of DL was confirmed by abnormal abdom-
inal swelling and increased body weight due to accumulation
of ascite cells, which were visible clearly on 10–11 days post
transplantation. Based on the observation, the first 7–9 days of
DL cell growth may be compared with the lag phase/
preparatory phase of the sigmoid curve for ascite cell popula-
tion growth, followed by the log phase. Therefore, the sched-
ule of QUE treatment to DL mice was selected for 12 days
starting from the next day after DL transplantation.

DL mice were randomly divided into four groups with six
mice in each group (n=6). DMSO is one of the most common
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solvents used experimentally to dissolve QUE for in vivo and
in vitro purposes. A 0.2 % v/w dose of DMSO is given to mice
which is considered to be a non-toxic and safe dose [39]. One
group of DLmice received 50 μl DMSO as vehicle. The other
three groups were treated with different doses of QUE by i.p.
injection: 25 mg QUE/kg BW (DLT25), 50 mg QUE/kg BW
(DLT50), and 75 mg QUE/kg BW (DLT75), dissolved in
50 μl of DMSO to each mouse per day for 12 days consecu-
tively, starting from the next day after DL transplantation.
Mice from each group were sacrificed on the 18th day of post
DL transplantation by cervical dislocation. Ascite fluid was
taken immediately and preserved at −80 °C for further study.

Western blotting

Cells were lysed in buffer containing 20 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton
X-100, and 1 mM PMSF as described previously [36]. Cellu-
lar debris was spun down at 14,000g for 20 min at 4 °C, and
the supernatant was used as whole protein extract. Isolated
protein was quantified using Bradford reagent. An equal
amount of protein from each sample was separated using
10 % SDS-PAGE and transferred to a PVDF membrane over-
night at 4 °C. The membrane was blocked in 5 % non-fat milk
in PBS (pH 7.4) for 2 h at RT. The membrane was probed
separately with primary antibodies PKCα (1:500 dilution,
Santa Cruz, Dallas, TX), PKCδ (1:500 dilution, Sigma-Al-
drich, St. Louis, MO), caspase 3 (1:1000 dilution, Cell Sig-
naling Technology, Danvers, MA), PARP (1:1000 dilution,
Cell Signaling Technology, Danvers, MA), and TNFR1
(1:500 dilution, Biovision, Milpitas, CA) in 1 % BSA and
0.05 % Tween-20 in PBS (PBST; pH 7.4) overnight at 4 °C.
After thorough washing in 1× PBS for 3 min, the blot was
incubated with HRP-conjugated goat anti-rabbit immuno-
globulin G (IgG) containing 5 % non-fat milk and 0.05 %
Tween-20 in PBST (pH 7.4) for 2 h at RT. Immunoreactive
protein was detected using the ECL Super Signal Kit (Pierce
Biotechnology) on X-ray film. The intensity of the bands was
analyzed by densitometric scanning using the Gel Doc System
(Alpha InnotechEC). Relative densitometric values were cal-
culated after normalization with β-actin.

Total RNA isolation and semiquantitative RT-PCR

Expressions of PKC isozymes (PKCα, β, γ, δ, η, ε, ζ, and ι
genes) were studied by semiquantitative RT-PCR as described
previously [36]. Total RNA from each group was isolated
separately using TRI-reagent (Sigma-Aldrich) as per the man-
ufacturer’s instruction. Total RNA was treated with DNase
using TURBO DNA-Free™ Kit I (DNase I, Ambion) and
was converted to cDNA using M-MuLV reverse transcriptase
(Revert AidTM, Fermentas Life Science) according to the
standard protocol of Fermentas Life Science. Amplification

was performed in a DNA Thermal Cycler (Applied
Biosystems) with the gene-specific primers (Table 1). The
band intensity of amplified products was visualized in 2 %
agarose gel, photographed and analyzed using the Gel Doc
System (Alpha InnotechEC). Relative densitometric values
were calculated after normalization with β-actin.

Assay of PKC activity

Cells were washed with PBS and lysed in lysis buffer contain-
ing 25 mM Tris-HCl (pH 7.4), 0.5 mM EGTA, 0.5 mM
EDTA, 0.05 % Triton X-100, 10 mM β-mercaptoethanol,
2 mM phenylmethanesulfonyl fluoride (PMSF), and 10 mg/l
leupeptin (pH 7.5). The lysate was centrifuged at 14,000g for
5 min at 4 °C and the supernatant was collected as described
previously [22]. The total PKC activity was measured using a
PepTag non-radioactive assay kit (Promega) according to the
manufacturer’s protocol.

Localization assay of PKCα and TNFR1

Protein was isolated from a different fraction of ascite cells as
per method of Chen N [40]. Ascite cells were lysed in 200 μl
homogenization buffer A (20 mM Tris-HCl pH 8.0, 10 mM
EGTA, 2 mM EDTA, 2 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 25 mg/ml aprotinin, and
10 mg/ml leupeptin). The suspension was sonicated for 10 s
with a sonicator and centrifuged at 100,000g for 1 h at 4 °C.
The supernatant was collected as cytosol fraction. The pellet
was resuspended in 200 μl of homogenization buffer B (1 %
Triton X-100 in buffer A) and sonicated for 10 s. The suspen-
sion was centrifuged at 15,000g for 15 min at 4 °C, and the
supernatant was collected as a membrane fraction. The protein
concentration of each sample was determined.

Activity of caspase 9

Caspase 9 activity was measured using a Colorimetric Assay
Kit (BioVision) according to the manufacturer’s protocol.
Cells were collected and washed with PBS and resuspended
in 25 mM HEPES (pH 7.5), 5 mM MgCl2, 5 mM EDTA,
5 mM dithiothreitol (DTT), 2 mM PMSF, 10 mg/ml pepstatin
A, and 10 mg/ml leupeptin. Cell lysate was clarified by cen-
trifugation at 10,000g for 1 min. Supernatant containing
200 μg of protein was incubated with 4 mM LEHD-pNA
substrate at 30 °C for 2 h. Levels of released pNAwere mea-
sured at 405 nm in a microtiter plate reader (ECIL).

Total ROS measurements

The total ROS level was determined by the oxidative conver-
sion of non-fluorescent 2′, 7′-dichlorofluorescein diacetate
(H2DCFDA) to highly fluorescent 2′, 7′-dichlorofluorescein
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(DCF) as described previously [41]. An equal number of cells
was used for ROS measurement. Briefly, treated cells were
collected and washed two times with PBS. Further, cells were
incubated with 10 μM H2DCFDA for 30 min in the dark at
37 °C and the intensity of fluorescence was recorded using a
485/530-nm excitation/emission filter. The total ROS level
was determined in terms of fluorescence unit per milliliter.

For microscopic detection of ROS production, cells were
washed with PBS and incubated in a DMEM medium con-
taining H2DCFDA (20 μM) for 30 min at 37 °C and 5 %CO2.
The excess of dye was removed by washing with PBS. ROS
production was visualized on an inverted fluorescent micro-
scope (Leica) using a 485/530-nm excitation/emission filter.

Staining with ethidium bromide/acridine orange

To determine apoptosis, ascite cells from DL mice at density
2.5×104 cells/well were plated into 96-well plates as de-
scribed previously [42]. Ethidium bromide/acridine orange
mix dye (8 μl) from the stock solution (100 μg/ml ethidium
bromide and 100 μg/ml acridine orange in PBS) was added
and washed two times with PBS. Cells were viewed under an
inverted florescence microscope (Leica) at ×400 magnifica-
tion. Tests were done in triplicate, counting a minimum of 100
cells.

Statistical analysis

All experiments were repeated three times independently, and
one representative image is presented in the figures. One-way
analysis of variance (ANOVA) followed by the Tukey test was

used for statistical analysis. Data represent the mean±S.E.M.
*, **, and *** denote significant differences at the level of
p<0.05, p<0.01, and p<0.001 respectively, between the DL
and QUE-treated DL groups.

Results

QUE decreases the total ROS level

An elevated level of ROS has been observed in different types
of cancer including Dalton’s lymphoma, which results in ox-
idative stress [43]. Therefore, the effect of QUE on the ROS
level was analyzed using green fluorescence dye H2DCFDA.
Results obtained from florescence images show gradual
downregulation of the green fluorescence intensity after
QUE treatment, suggesting regression of the ROS level in
ascite cells [Fig. 1a]. Further, the total ROS level in the ascite
cell lysate was studied in terms of fluorescence unit per milli-
liter using a spectrofluorometer. The total ROS level was sig-
nificantly downregulated following a similar pattern as found
by the florescence image. QUE treatment decreases the total
ROS level by approximately 88, 82, and 92 % with a dose of
25, 50, and 75 mg/kg BW respectively [Fig. 1b].

QUE inhibits protein kinase C activity

The total PKC activity was found to be decreased in
QUE-treated DL mice as compared to DL mice. All the
three doses of QUE suppressed PKC activity significant-
ly, approximately by 17.7, 28.6, and 51.1 % with a dose

Table 1 Primer pairs and conditions of PCR

Genes Sequences of primer pairs (F, forward; R, reverse) PCR condition (annealing) No. of cycles Amplicon size (bp)

PKCα F: 5′-GGTTTGGGAAACAAGGCTTC-3′ 58 °C, 40 s 28 278
R: 5′-GCAGAGGCTAGGGACATTGA-3′

PKCβ F: 5′-CATCTGGGATGGGGTGACAACC-3′ 57 °C, 40 s 33 420
R: 5′-CGGTCGAAGTTTTCAGCGTTTC-3′

PKCγ F: 5′-GTTCCGTCTGCACAGCTACA-3′ 56 °C, 40 s 35 263
R: 5′-CATTGGGGTCCATAGGAATG-3′

PKCδ F: 5′-AGGCCGTGTTATCCAGATTG-3′ 58 °C, 40 s 27 426
R: 5′-CGGCCGATAATCTTGTCAAT-3′

PKCη F: 5′-CAAACTGCGGGGTGAATG-3′ 54 °C, 30 s 27 437
R: 5′-TCCGTTCACAAACTCCATGA-3′

PKCε F: 5′-ACGAGTGTTCAGGGAGCGTA-3′ 58 °C, 45 s 27 331
R: 5′-CGTGGGGACCTTGTAGTTGT-3′

PKCζ F: 5′-TCAAGTGGGTGGACAGTGAA-3′ 57 °C, 45 s 30 284
R: 5′-CCATATCCTTTCGCTGCACT-3′

PKCι F: 5′-GGGACTTTGCAGTGAGGTTC-3′ 56 °C, 40 s 28 192
R: 5′-CGCTCTGGTACACATGGAAA-3′

β-actin F: 5′-GTGGGCCGCCCTAGGCACCAG-3′ 60 °C, 45 s 26 539
R: 5′-TCTTTGATGTCACGCACGATTTC-3′
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of 25, 50, and 75 mg QUE/kg BW respectively [Fig. 2].
The most significant reduction was found by 75 mg
QUE/kg BW.

Protein level of PKCα

The level of PKCαwas examined in the total protein lysate of
DL and QUE-treated DL mice by Western blot analysis with
an immunospecific PKCα antibody. All doses of QUE signif-
icantly downregulated the protein level of PKCα, approxi-
mately by 15, 16, and 36 % with a dose of 25, 50, and
75 mg QUE/kg BW respectively in ascite cells [Fig. 3a].

Subcellular localization of PKCα

Subcellular localization of PKCα by Western blotting pro-
vides information about the activity of PKCα. One measure
of PKC activation is redistribution of PKCα from the cytosol-
ic fraction to a membrane fraction. Therefore, the response of
QUE was investigated by monitoring the changes in the dis-
tribution patterns of PKCα. Ascite cells were fractionated into
the membrane fraction followed by immunoblot analysis for
the PKCα. Densitometric scanning of PKCα bands revealed
that the level of immune-reactive membrane-associated
PKCα is decreased with QUE treatment. QUE downregulates
the PKCα approximately by 19, 36, and 43 % in the mem-
brane fraction of ascite cells with a dose of 25, 50, and 75 mg
QUE/kg BW respectively [Fig. 3b].

Protein level of PKCδ

PKCδ is known to be a pro-apoptotic protein and its decreased
level has been reported in many cancers. PKCδ promotes
caspase-3-dependent apoptosis by the cleavage fragment
(CF) of PKCδ in Dalton’s lymphoma [44]. Therefore, the
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Fig. 1 Total ROS level. Effect of QUE on total ROS level in ascite cells
of lymphoma-bearing mice. a Fluorescence image of ascite cells by
H2DCFDA staining. b Total ROS level in homogenate of ascite cells.
Ascite cells of all six animals of each group were pooled separately and
used for total ROS measurement. QUE is quercetin and BW is body
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and 75 mg QUE/kg BW respectively. One-way analysis of variance
(ANOVA) followed by Tukey test was used for statistical analysis. Data
represent the mean±S.E.M. of three independent experiments. *** de-
notes significant differences at the level of p<0.001, between the DL and
QUE treated DL groups
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Fig. 2 Total PKC activity. Effect of QUE on total PKC activity in ascite
cells of lymphoma-bearing mice. Ascite cells of all six animals of each
group were pooled separately, and homogenate was prepared for
determination of total PKC activity. QUE is quercetin and BW is body
weight. DL, DLT25, DLT50, and DLT75 represent Dalton’s lymphoma-
bearing group and Dalton’s lymphoma-bearing group treated with 25, 50,
and 75 mg QUE/kg BW respectively. One-way analysis of variance
(ANOVA) followed by Tukey test was used for statistical analysis. Data
represent the mean±S.E.M. of three independent experiments. * and ***
denotes significant differences at the level of p<0.05 and p<0.001 re-
spectively, between the DL and QUE treated DL groups
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effect of QUE on the protein level of PKCδ was analyzed by
Western blotting. QUE treatment upregulates the cleavage
fragment (CF) of PKCδ, approximately by 2.02- and 2.34-fold
with a dose of 50 and 75 mg QUE/kg BW respectively, which
supports the pro-apoptotic activity of QUE in DL mice.
Twenty-five milligrams of QUE per kilogram BW did not
show any upregulation of PKCδ [Fig. 4].

QUE decreases the level of TNFR1

Biological effects of TNF-α are exerted through binding to
TNF-α receptor 1 (TNFR1), a 55-kDa protein. To explore the
presence of TNFR1 and effect of QUE on TNFR1 in ascite
cells, Western blot analysis was done in whole-cell extracts.
The result shows that QUE significantly downregulates the
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PKCα in a total protein lysate, b membrane fraction, and densitometric
scanning of PKCα after normalization with β-actin. Ascite cells of all six
animals of each group were pooled separately, and homogenate was
prepared for Western analysis of PKCα. QUE is quercetin and BW is
body weight. DL, DLT25, DLT50, and DLT75 represent Dalton’s
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treated with 25, 50, and 75 mg QUE/kg BW respectively. One-way
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independent experiments. *** denotes significant differences at the level
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protein level of TNFR1 in a dose-dependent manner, approx-
imately by 17, 42, and 63 % with a dose of 25, 50, and 75 mg
QUE/kg BW respectively [Fig. 5a].

Subcellular localization of TNFR1

Subcellular localization of TNFR1 by Western blotting pro-
vides information about differential functions of TNFR1 in
ascite cells. Therefore, a change in the distribution pattern of
TNFR1 was compared in DL and QUE-treated DL mice. As-
cite cells were fractionated into cytosolic and membrane frac-
tions followed by immunoblot analysis for TNFR1. QUE
treatment increased the TNFR1 level in the cytosolic fraction
in a dose-dependent manner indicating increased apoptosis,
whereas it is decreased in the membrane fraction indicating
reduced survival. The TNFR1 level is significantly decreased
approximately by 28, 40, and 52 % in the membrane fraction,
whereas the level of TNFR1 in the cytosolic fraction was
found increased by 35, 46, and 73 % with a dose of 25, 50,
and 75 mg QUE/kg BW respectively [Fig. 5b, c].

QUE induces apoptosis

Apart from cell proliferation, apoptosis is a hallmark to assess
the overall growth of cancer. An increase in apoptosis is cor-
related with the suppression of cancer growth.

Fluorescence microscopy with differential uptake of fluo-
rescent DNA binding dyes such as ethidium bromide (EB)/
acridine orange (AO) staining is a method of choice for its
simplicity, rapidity, and accuracy [42, 45]. EB/AO-stained
nuclei are classified into (a) viable cells having uniformly
green nuclei with a highly organized structure, (b) early apo-
ptotic cells having green nuclei with perinuclear chromatin
condensation visible as bright green patches or fragments,
(c) late apoptotic cells having orange to red nuclei with con-
densed or fragmented chromatin, and (d) necrotic cells, swol-
len to large sizes with uniform orange to red fluorescing nu-
clei. QUE treatment gradually increases apoptotic cell death in
comparison to necrosis [Fig. 6]. Morphological changes indi-
cate that ascite cells follow apoptotic cell death.

Caspase and PARP are key players of apoptosis. Therefore,
we have analyzed the effect of QUE on caspase 9, caspase 3,
and PARP level. The level of procaspase 3 is decreased with
increasing QUE dose, while the active caspase 3 level is found
enhanced with increasing dose of QUE [Fig. 7a]. Similarly,
significantly improved activity of caspase 9 is observed after
QUE treatment in DL mice [Fig. 7c]. Caspase 3 is a critical
executioner of apoptosis. It is either partially or totally respon-
sible for proteolytic cleavage of poly (ADP-ribose) polymer-
ase (PARP). The result shows downregulation of full-length
PARP with QUE treatment, while the cleaved PARP level was
maximally observed with 75 mg QUE/kg BW [Fig. 7a].
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Western analysis of TNFR1 and densitometric scanning of TNFR1 after
normalization with β-actin in a total protein lysate, bmembrane fraction,
and c cytosolic fraction. Ascite cells of all six animals of each group were
pooled separately, and homogenate was prepared for Western analysis of
TNFR1. QUE is quercetin and BW is body weight. DL, DLT25, DLT50,

and DLT75 represent Dalton’s lymphoma-bearing group and Dalton’s
lymphoma-bearing group treated with 25, 50, and 75 mg QUE/kg BW
respectively. One-way analysis of variance (ANOVA) followed by Tukey
test was used for statistical analysis. Data represent the mean±S.E.M. of
three independent experiments. ** and *** denotes significant differ-
ences at the level of p<0.01 and p<0.001 respectively, between the DL
and QUE treated DL groups
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Fig. 6 Apoptosis assay by EB/AO staining. Effect of QUE on apoptosis
in ascite cells of lymphoma-bearing mice. a Ethidium bromide/Acridine
orange staining of DL cells and b quantitative analysis of apoptosis.
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the analysis of apoptosis. QUE is quercetin and BW is body weight. Blue,
yellow, and red arrows indicate early apoptotic, late apoptotic, and
necrotic cells respectively in Ethidium bromide/Acridine orange
staining. DL, DLT25, DLT50, and DLT75 represent Dalton’s

lymphoma-bearing group and Dalton’s lymphoma-bearing group
treated with 25, 50, and 75 mg QUE/kg BW respectively. One-way
analysis of variance (ANOVA) followed by Tukey test was used for
statistical analysis. Data represent the mean±S.E.M. of three
independent experiments. *, **, and *** denote significant differences
at the level of p<0.05, p<0.01, and p<0.001 respectively, between the
DL and QUE-treated DL groups
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Fig. 7 Level of caspase 3, PARP, and caspase 9 activity. Effect of QUE
on protein level of caspase 3, PARP, and caspase 9 activity in ascite cells
of lymphoma-bearing mice. a Western analysis of caspase 3, PARP, and
β-actin. b Densitometric scanning of caspase 3 and PARP after
normalization with β-actin. c Caspase 9 activity. Ascite cells of all six
animals of each group were pooled separately, and homogenate was
prepared for Western analysis of caspase 3, PARP, and caspase 9
activity. QUE is quercetin and BW is body weight. DL, DLT25, DLT50,

and DLT75 represent Dalton’s lymphoma-bearing group and Dalton’s
lymphoma-bearing group treated with 25, 50, and 75 mg QUE/kg BW
respectively. One-way analysis of variance (ANOVA) followed by Tukey
test was used for statistical analysis. Data represent the mean±S.E.M. of
three independent experiments. ** and *** denotes significant differ-
ences at the level of p<0.01 and p<0.001 respectively, between the DL
and QUE treated DL groups
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Elevated level of caspase 9, 3 and cleaved PARP and mor-
phological assessment support the anti-apoptotic potential of
QUE in ascite cells of DL mice.

Effect of QUE on the transcriptional expression
of the PKC isoform

The effect of QUE on classical, novel, and atypical PKC sig-
naling was analyzed bymRNA level [Fig. 8]. The treatment of
QUE modulates the expression of PKC isozymes in ascite
cells of DL mice. QUE significantly downregulates the ex-
pression of PKCα approximately by 17, 9, and 25 % with a
dose of 25, 50, and 75 mg QUE/kg BW respectively. The
expression of PKCβ significantly downregulated approxi-
mately by 44, 29, and 36 % and upregulated expression of
PKCγ approximately by 17, 18, and 23 % with a dose of 25,
50, and 75 mg QUE/kg BW respectively. QUE is found to
regulate classical PKC signaling by downregulating the ex-
pression of PKCα and PKCβ and upregulation of the PKCγ
expression. PKCδ, a known pro-apoptotic isozyme, was
found to be upregulated by QUE approximately by 74, 62,
and 55 % with a dose of 25, 50, and 75 mg QUE/kg BW
respectively. Further, PKCη and PKCε expression was

decreased with a dose 75 and 25 mg QUE/kg BW respective-
ly. QUE modulates atypical signaling via downregulation of
the expression of PKCζ and upregulation of the expression of
PKCι in ascite cells.

Discussion

Deregulated signaling of protein kinase C promotes cancer
growth by loss of apoptosis and increased cell proliferation.
Oxidative stress modulates PKC activity. QUE in this context
may play a key role to overcome oxidative stress in cancer
cells. Previously, we have reported that QUE suppresses DL
growth via downregulating cell proliferation, energy metabo-
lism, and PI3K/AKT signaling [36]. In the present study, we
have demonstrated that QUE may provoke apoptosis via
downregulation of ROS and TNFR1 level in DL mice. Initial
results show that QUE downregulates the total ROS level in
ascite cells progressively with an increase in QUE dose. This
reduced ROS level may help the suppression of tumor growth.
Further, the total PKC activity was downregulated after QUE
treatment. It indicates that QUE reduces the ROS level via
downregulating PKC activity. PKC activation is differentially
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Fig. 8 Expression of PKC isoforms. Effects of QUE on mRNA
expression in ascite cells of lymphoma-bearing mice. a Expression of
classical PKC (PKCα, PKCβ, and PKCγ). b Expression of novel PKC
(PKCδ, PKCη, and PKCε). c Expression of atypical PKC (PKCζ and
PKCι). Ascite cells of all six animals of each group were pooled
separately and used for extraction of total RNA. QUE is quercetin, M is
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bearing group treated with 25, 50, and 75 mg QUE/kg BW respectively.
One-way analysis of variance (ANOVA) followed by Tukey test was used
for statistical analysis. Data represent the mean±S.E.M. of three
independent experiments. *, **, and *** denote significant differences
at the level of p<0.05, p<0.01, and p<0.001 respectively, between the
DL and QUE-treated DL groups
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regulated by cellular oxidants: oxidation at the NH2-terminal
regulatory domain activates PKC, whereas oxidation at the
COOH terminal inactivates the PKC [10].

The PKC family consists of multiple isoenzymes with dif-
ferent distribution and functions [46]. PKCα has emerged as
an important isoform to promote cell survival. Cellular deple-
tion of PKCα is reported to induce apoptosis [24, 47–50].
Although the mechanism behind PKCα preventing apoptosis
is still a matter of debate, Bcl-2 and Raf-1 have been shown to
mediate the anti-apoptotic function of AKT in the regulation
of PKCα. Reduced activation of AKT and ERK in the PKCα
knockdown tumor model suggests that PKCα is an upstream
regulator of these critical growth and survival signaling path-
ways. In an earlier work, we have found that QUE
downregulates PI3K/AKTsignaling in ascite cells of DL mice
[36]. In the present study, a decreased level of PKCα in the
total lysate of ascite cells of DLmice after QUE treatment may
be due to a reduced level of ROS in ascite cells. The result
supports earlier findings showing QUE and other flavonoids
to downregulate PKCα or PKC [51–53]. Activated PKCα is
translocated from the cytosol to the membrane compartment.
Membrane-bound PKCα is associated with activation of the
enzyme [22]. A reduced level of PKCα in the membrane
indicates inactivation of PKCα by QUE.

Transcriptional gene expression results suggest that QUE
suppresses DL cell growth via modulating the conventional,
novel, and atypical PKC pathway. Oxidative stress plays an
important role to maintain its high proliferation rate in cancer-
ous cells. The expression of PKCα is reduced by QUE treat-
ment in comparison to untreated ascite cells showing its anti-
oxidant property. Overexpression of PKCα is known to sup-
press apoptosis during oxidative stress by phosphorylating
Bcl-2 [54]. An elevated expression of PKCβ has been ob-
served in colon cancer development [55]. PKCβ phosphory-
lates AKT at serine 473, consistent with a pro-survival func-
tion [56]. Our result of the downregulation of PKCβ by QUE
treatment supports the earlier report indicating that PKCβ
promotes cell survival during cancer growth. It has been re-
ported that PKCι mediates activation of NF-E2-related factor
2 (Nrf2) [57]. Nrf2 acts as transcription factor and regulates
the induction of antioxidative proteins. QUE-treated mice
show a relative increase in PKCι expression as compared with
untreated DL mice, suggesting that QUE reduces oxidative
stress by stimulation of PKCι expression. Under oxidative
stress, the cell stimulates the production of stress-activated
proteins that help the cells to survive in the cancer microenvi-
ronment. One of these stress-defending proteins is A170
which has a structural domain to interact with PKCζ [58].
PKCζ is observed to be reduced with QUE treatment of DL
mice. The result is in correlation with ROS by QUE. Reduced
oxidative stress by QUE may inhibit cell survival via the
PKCζ pathway. PKCδ is known to be a pro-apoptotic protein.
Improved expression of PKCδ, observed by QUE treatment,

shows that QUE contributes in the regression of lymphoma
via apoptosis.

TNF-receptor I (TNFR1) is well known to induce apoptosis
as well as activate transcription factor NF-kB with promoting
cell survival [33, 59–62]. TNFR1 also activates MAPK,
which directly phosphorylates IκBβ kinase (IKKβ). Further,
TNFR1 promotes breast cancer growth via p42/P44 MAPK,
JNK, AKT, and NF-κB-dependent pathways [63]. TNFR1
follows two different mechanisms to trigger apoptosis [64].
The TNF-stimulated receptor is reported to aggregate and
form receptor clustering or Bcapping,^ and then is internalized
through clathrin-mediated endocytosis. Cytosolic TNFR1 is
assembled with FADD, which in turn recruits caspase 8 and
10 to form the cytosolic complex (complex II). Complex II is
temporally and spatially distinct from initial plasma
membrane-bound complex I. The assembly of complex II is
critically dependent on receptor endocytosis, which is regulat-
ed by a cytoplasmic region named TNFR1 internalization do-
main (TRID) [65]. However, it has recently been suggested
that the components of the receptor-associated signaling com-
plex may be released from the receptor to form a secondary
cytosolic complex, or complex II. The function of this newly
identified complex II is likely to enhance the activation of
caspase 8. The formation of complex II does not depend on
receptor internalization [60].

Our data reveals that the membranous TNFR1 level is sub-
sequently downregulated on QUE treatment which might be
correlated with the inactivation of NF-kB and reduced surviv-
al of cells. Additionally, an increased level of cytosolic
TNFR1 on QUE treatment might be due to internalization of
TNFR1 which induces apoptosis via caspase-8 activation. In-
terestingly, QUE downregulates the level of TNFR1 in whole
ascite cell lysate. The higher level of TNFR1 in DL cells is in
accordance with a previous study which suggested that when
NF-kB is activated by complex I, complex II harbors the
caspase-8 inhibitor FLIP and the cell survives. QUE sup-
presses cell survival by decreasing the level of TNFR1.
QUE may reduce cell survival and promotes apoptosis via
differential localization of the TNFR1 level in ascite cells of
Dalton’s lymphoma-bearing mice. QUE is also reported to
promote cell apoptosis via inhibiting the expression of extra-
cellular matrix proteins MMP-9 [66].

Cancerous cells avoid apoptosis or programed cell death
and promote uncontrolled cell proliferation. Therefore, the
role of QUE on uncontrolled cell growth of Dalton’s lympho-
ma cells needs to be defined. Apoptosis is a hallmark of anti-
carcinogenesis and caspase as well as PARP are key players in
apoptosis [45]. QUE treatment decreased the level of
procaspase 3 and increased active caspase 3. An improved
activity of caspase 9 was also found on QUE treatment. Cas-
pase 3 is a critical executioner of apoptosis. It is either partially
or totally responsible for proteolytic cleavage of poly (ADP-
ribose) polymerase (PARP). PARP is a 116-kDa nuclear poly
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(ADP-ribose) polymerase involved in DNA repair in response
to environmental stress. PARP is cleaved by different caspases
in vitro and is one of the main cleavage targets of caspase 3
in vivo. Cleavage of PARP facilitates cellular disassembly and
serves as a marker of cells undergoing apoptosis. A decreased
level of full-length PARP is observed with all doses of QUE.
However, the cleavage of PARP could be detected with 75 mg
QUE/kg BW.

Further, confirmation of apoptosis was supported by nucle-
ar condensation. Different apoptotic stimuli such as TNF-α
and UV radiation induce cleavage of PKCδ, resulting in the
generation of a constitutively active catalytic fragment which
has been implicated in its apoptotic function. PKCδ has been
reported to cause DNA-damage-induced apoptosis in HeLa
cells [67]. Caspase-3-dependent cleavage of PKCδ induces
apoptosis in different cellular system [26, 28, 44]. QUE
upregulates the level of CF of PKCδ in DL mice as well as
promotes caspase 3 activity which suggests that QUE modu-
lates caspase-3-dependant PKCδ activity leading to apoptosis.
PKCδ null mice develop normally, suggesting that PKCδ is
not required for normal cell proliferation. Recently, PKCδwas
considered as a major PKC isoform responsible for inhibition
of PI3K [68]. Our results indicate that QUE suppresses un-
controlled cell growth of DL mice via improving apoptotic
potential.

The overall results show that QUE suppresses cell prolif-
eration and survival and induces apoptosis by modulating
both intrinsic and extrinsic pathways via ROS-mediated
PKC signaling. The findings may provide a base for using
QUE as a chemotherapeutic drug in the prevention of cancer.
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