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Cellular imbalance in the levels of antioxidants and reactive oxygen species (ROS) is directly associated
with a number of pathological states and results in programmed cell death or apoptosis. We demonstrate
the use of in vitro cultured Spodoptera frugiperda (Sf9) insect cells as a model to study oxidative stress
induced programmed cell death. Apoptosis of in vitro cultured Sf9 cells was induced by the exogenous
treatment of H202 to cells growing in culture. The AD50 (concentration of H202 inducing about 50%
apoptotic response) varied with the duration of treatment, batch to batch variation of H202 and the physiological
state of cells. At 24 h post-treatment With H202. ADs0 was about 475 ttm. Apoptosis could also be induced
by in situ generation of 1-1202 by the inhibition of catalase activity upon hydroxylamine treatment. Hydroxylamine
acted synergistically with H202 with an AD50 of 2.2 raM. DMSO, a free radical scavenger, inhibited
H202-induced apoptosis thereby confirming the involvement of reactive oxygen species. Exposure of cells
to UV radiation (312 nm) resulted in a dose-dependent induction of apoptosis. These results provide evidence
on the novel use of insect cells as a model for oxidative stress-induced apoptosis.

1. - I n t r o d u c t i o n

Apoptosis or programmed cell death (PCD) is a central
player both in development and homeostasis of rnetazoans.
This genetically encoded cell suicide programme o c c u r s
in the developing embryo during morphogenesis and in
adults during tissue turnover, or at the end of an immune
response (White 1996; Evan and Littlewood 1998). A
number of parasitic infections as well as origin and
progression of several genetic and muitifactorial disease
states are linked to dysfunctional apoptosis (Thompson
1995; Steller 1995; Cohen and AI-Rubeai 1995; Nicholson
1996). There is growing evidence directly linking cellular
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imbalance in the levels of antioxidants and reactive
oxygen species (ROS) to these pathological states. UV
radiation is also another major cause of ROS imbalance
in cells resulting in apoptosis. It is known (Cotton and
Spandau 1997) that cells undergo apoptosis without DNA
repair when exposed to high doses of UV-B radiation
(280--320 rim). It has been further shown that catalase,
the hydrogen peroxide scavenging enzyme, inhibits UV-B
induced apoptosis directly pointing to the involvement
of reactive oxygen species in UV-irradiated apoptosis
(Gorman et al 1997).
Living cells though endowed with an inherent antioxidant defense mechanisms to counteract the deleterious
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effects of ROS, very often face a state of oxidative
siege under adverse environmental conditions leading to
cell death (Jacobson 1996; Laochumroonvorapong et al
1996). While the exact pathway of ROS-mediated apoptosis is not clear they have been implicated in the
signalling pathway destabilizing the cellular redox state
thereby influencing the activity of several important
transcription factors such as NF-rA3, Fos/Jun, etc., (Sen
and Packer 1996; Abate et ai 1990; Begum et al 1999).
The aspartate-specific cysteine proteases (caspases) have
a central and evolutionarily conserved role in the final
execution step of apoptosis (Nicholson and Thornberry
1997; Thornberry and Lazebnik 1998).
Spodoptera frugiperda ceils have been extensively used
as a host for the over expression of recombinant proteins
in the baculovirus expression system (Luckow and
Summers 1988; Kidd and Emery 1993; Sridhar et al
1994; Jain et al 1997). These cells can be in vitro
cultured in defined medium, with or without supplementation of fetal calf serum and can grow at room temperature in CO2-free incubators (O'Reilly et al 1992).
Like other eukaryotic systems these cells are also subject
to oxidative stress, effected intracellularly or in response
to environmental or biological factors (Marmorosch and
Mitsuhashi 1997). In response to viral or microbial
infections the apoptotic inachinery of these cells is
reprogrammed to commit suicide as a measure of defense
against the invading pathogens. We investigated the
potential of these cells to serve as a model for oxidative
stress-induced cell death. We now report the ability of
these cells to undergo apoptosis as a direct function of
oxidative stress.
2.

Materials and methods
2. l

Cell culture

S. frugiperda (Sf9) cells were grown in TNMFH medium
supplemented with 10% FCS and antibiotics (Sridhar
et al 1994) in 35 mm polystyrene tissue culture dishes
(Nunc, Denmark). Confluent cells with >95% viability
were used in all experiments.

2.2

Induction of apoptosis in Sf9 cells

Different H202 concentrations were used to induce apoptosis in S f 9 cells and the dose showing more than 50%
apoptotic response was selected. Cells (1.5 x 106) growing
in complete media were seeded for 30min in 35 mm
6-well plate. To the media was added different concentrations of H202 (0--1.5 mM) and cells were incubated
at 27~ for 24 h. After the treatment, the cells were
assayed for apoptosis by nucleosomal DNA ladder
formation as well as cellular blebbing. For the dose
dependent induction of apoptosis by hydroxylamine, cells

were pretreated with 1.5-5 mM of hydroxylamine and
monitored for apoptosis after 24h. DMSO-mediated
inhibition of H202 induced apoptosis was conducted by
pretreating the cells with 75 mM DMSO and apoptosis
was scored after 24 h. For studying UV irradiation induced
apoptosis, S f 9 cells seeded in complete media were
exposed to UV for 35 s at room temperature using a
UV transilluminator (UVP, UK) equipped with 6 W
(312 nm) bulbs. The exposure was given from the bottom
of the dishes by placing them directly over the UV
lamps fixed in the UVP transilluminator. After UV
irradiation, cells were incubated at 27~ for 24 h under
dark conditions and assayed for apoptosis. Induction of
apoptosis by different agents such as H202, hydroxylamine
and UV irradiation as well as inhibition by DMSO were
carried out more than three times and the data represent
the average of at least three independent experiments.
2.3 Assay f o r apoptosis in Sf9 cells
About 104 cells were taken for each treatment and
assayed for apoptosis microscopically by cellular blebbing
or by oligonucelosomal DNA ladder assay. For microscopic assay for apoptosis, the cell viability and cellular
blebbing were determined by the ability of live cells to
exclude Trypan blue. A 45 Bi aliquot of the treated cells
were stained with (/-04% (final concentration) Trypan
blue and apoptosed cells, characterized by cellular blebbing, were visualized (20 x magnification) under a light
microscope (NIKON TMS Model, Japan). Oligonucleosomal DNA ladder assays were carried out following a
procedure adapted from Ishida et al (1992). Briefly, cells
were harvested after 24 h post treatment by low speed
centrifugation at 1500g (Heraus Biofuge, Germany) for
10min. The apoptotic bodies present in the supernatant
were collected by centrifugation at 21,900 g for 20 min
at 4~ in F-20/MICRO rotor in a Sorvall High Speed
Centrifuge. The cells and the apoptotic body pellet were
pooled and suspended in ice cold lysis buffer ( 1 0 m M
Tris-CI, pH 7.5, 10 mM EDTA, 0.2% Triton X-100) and
processed for low molecular weight DNA isolation as
described previously (Ishida et al 1992). Oligonucleosomal DNA was electrophoresed in 1.8% agarose TBE
(0-045M Tris-borate, 0-001 M EDTA) gel (Sambrook
et al 1989) and the ladder visualized by ethidium bromide
staining (Hershberger et al 1994).
3.
3.1

Results

Insect cells undergo apoptosis as a function of
1-120e stress

Experiments were first designed to establish the ability
of insects cells to enter apoptosis as a direct function
of oxidative stress. This was achieved by directly treating
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cells with hydrogen peroxide (H202) or by increasing
the intracellular build-up of H20 ~. Exogenous addition
of H202 to in vitro cultured Sf9 cells induced apoptosis
in a time (data not shown) and dose-dependent manner,
as measured by cellular blebbing (figure 1A, B) and
nucleosomal DNA ladder formation (figure 1C). The
percentage of Sf9 cells undergoing apoptosis in response
to increasing doses of hydrogen peroxide increased with
the time of incubation and the concentration of hydrogen
peroxide (figure 1B). The ADs0 (concentration of H202
inducing about 50% apoptotic response) varied with the
duration of treatment, batch to batch variation of H202
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and the physiological state of cells. At 24 h post-treatment
with HzO 2, ADso for cells was estimated to be about
475 p.m. For all subsequent studies 1 mM of H202, which
elicited about 70-80% apoptotic response in 24 h, was
used.
3.2

Intra-cellular build-up of oxidative stress also
leads to apoptosis

To complement the observations on the induction of
apoptosis upon direct exposure of cells to H202, apoptosis
was induced by an intra-cellular build-up of ROS. Cells

Figure 1. Sf9 cells undergo apoptosis as a function of H202 stress. (A) Light microscopic
view of untreated S. frugiperda (Sf9) cells (i) and those treated with 1 mM H202 (ii)
for 24 h showing cellular blebbing and tbrmation of distinct apoptotic bodies. Magnification:
20• (B)Dose-dependent induction of apoptosis in Sf9 cells by HzO2 treatment. In
vitro cultured Sf9 cells (1 • 105) were treated with increasing concentrations (0-1.5 mM)
of H202 for 24 h, as described and assayed for apoptosis. The per cent of apoptotic
cells was calculated by counting the cells after Trypan blue staining. (C) Nucleosomal
DNA ladder formation as a function of H202 concentration. Sf9 cells were processed
lbr the isolation of apoptotic bodies and subsequently assayed for the presence of DNA
ladder. Lane 1, untreated cells; lanes 2, 3, 4, 5, 6, are ceils treated with increasing
concentrations of H202 (0, 0-2, 0.5, 0-75, 1.0, 1.5 mM, respectively).

Seyed E Hasnain et al

16

treated with hydroxylamine, a known inhibitor of catalase,
should show increased accumulation of intra-cellular
ROS ultimately culminating in apoptosis. Sf9 cells
exhibited dose-dependent apoptosis upon treatment with
hydroxylamine. Percentage of cells undergoing apoptosis
increased from 10% to 78% as the concentrfition of
hydroxylamine increased from 1.5 mM to 5.0 mM (figure
2A, B) with an ADs0 of 2-2mM for a 241~ treatment
regime. To evaluate a synergy, if any, between hydroxylamine and HzO2, cells were treated with 2.0 mM hydroxylamine prior to an exposure to H202 (0-75 raM). Apoptosis caused by H202 was significantly increased upon
pretreatment with hydroxylamine (figure 3). These results
demonstrate that an increase in the intra-cellular build-up
of ROS can also induce apoptosis in a manner similar
to that effected by the exogenous treatment with H20 v
3.3

DMSO pretreatment arrested H202-induced
apoptosis

To confirm the involvement of these reactive oxygen
species in inducing apoptosis, dimethylsulfoxide (DMSO),
a known scavenger of hydroxyl radicals (OH-) (Masaki
et al 1995), was used. It was evident (figure 3) that
pretreatment of cells with DMSO prior to H202 exposure
significantly reduced the apoptotic response from 55%
to 25%. These results therefore point to the direct
involvement of hydroxyl radicals in the H202-mediated
apoptosis of in vitro cultured Sf9 cells.

3.4

UV-B exposure of cells also result in apoptosis

UV radiation is a well known major cause of ROS
imbalance in cells resulting in an irreparable DNA damage
followed by apoptosis, The common mode of action of
UV, i.e., via the generation of oxidative stress (Gorman
et al 1997), was exploited to essentially reinforce the
observations on oxidative stress-induced apoptosis of
insect cells. Sf9 cells when exposed to high d0se~ of
UV-B radiation (280-320 nm) clearly showed apoptosis
(figure 4A, B). These results provide yet another evidence
in support of the observation of oxidative stress-induced
apoptosis of insect cells.
4.

Discussion

H202 is a convenient oxidant for studying oxidative
stress-induced apoptosis (Imlay and Linn 1988; Sen and
Packer 1996) by virtue of its biological reactivity compared to other ROS and its ability to cross membranes
and diffuse away from the site of generation. It is often
generated as a by-product of oxidative metabolism in
oxygen-dependent organisms. Oxidative damage to
cellular macromolecules such as nuclear and mitochondrial DNA and proteins caused by ROS is considered
to be of key importance in the aging process (Yan et al
1997). The chain of oxidative reactions initiated by ROS
eventually destroys the crucial biomolecules thereby
driving the cellular machinery to undergo apoptosis via

Figure 2. Sf9 cells also enter apoptosis as a function of intra-ceUular build-up of reactive oxygen species. (A) Dose-dependent
induction of apoptosis in Sf9 cells by in situ generation of !-I202 after catalase inhibition. Sf9 cells were treated with increasing
concentrations (1.5-5.0 mM) of hydroxylamine (HA) for 24 h and assayed for apoptosis by counting the per cent of apoptotic
cells. (B) Nucleosomal DNA ladder formation as a function of hydroxylamine concentration. Lane i, untreated cells; lanes 2,
3, 4, 5, 6, are cells treated with different concentrations-(l.5, 2-0, 2.5, 3-0, 5.0 raM) of hydroxylamine.
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activation of caspases which ultimately bring about the
execution of cell death.
Our results demonstrate that S. frugiperda (Sf9) insect
cells could be induced to undergo apoptosis by exogenous

Figure 3. Hydroxylamine acts synergistically with H202 to
induce apoptosis while DMSO inhibits the same. Cells were
treated with 2.0 mM hydroxylamine (HA) or 75 mM DMSO
(DM) prior to exposure to 0.75 mM H202 (HP)-exposure. Apoptosis was scored microscopically after 24 h treatment.
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addition of H20 2, intracellular build-up of oxidative stress
caused by treatment of cells with hydroxylamine, an
inhibitor of catalase (Kono and Fridovich 1983), as well
as by UV radiation. Peroxidases, catalase, superoxide
dismutase, etc., are the inherent defense guards which
maintain the reactive oxygen species balance in normal
cells. Reduction in the activity of any of these detoxifying
enzymes or the antioxidants of the cells can lead to the
ROS build-up eventually resulting in cellular apoptosis
(Wertz and Hanley 1996; Jacobson 1996). DMSO is
able to restrict the action of these radicals in causing
apoptosis of S f 9 cells.
An objective of establishing insect cells as a model
to study oxidative stress-induced apoptosis was to provide
an easily amenable system to investigate the mechanism
of apoptosis inhibition by a baculovirus-encoded-antiapoptotic gene p35. The ability of the p35 gene to
functionally complement the well known mammalian
inhibitor of apoptosis, bcl2 in different systems has b e e n
extensively documented (McCarthy et al 1997; Clem and
Miller 1994; Crook et al 1993; Robertson et al 1997).
While bcl2 is known to act via an oxidant dependent
pathway (Hockenbery et al 1993) facilitated by the
membrane-bound localization of bcl2 .(mainly in mitochondria), the anti-apoptotic ability of p35 is attributed
to its interaction with and inhibition of the members of
the caspase family (Bump et al 1995; White 1996;
Nicholson and Thornberry 1997; Villa et al 1997).
Recently a protease, S f caspase-l, has been identified
from S. frugiperda (Sf9) insect cells which is potently
inhibited by p35 and can also cleave p35 (Ahmad et al

Figure 4. Sf9 cells undergo apoptosis upon UV exposure. (A) Induction of apoptosis in Sf9 cells
is proportional to the increase in the exposure time to UV radiations. Sf9 cells were exposed to UV
radiations for different time periods (10, 20, 30, 40, 50 and 60 s) and assayed for apoptosis by counting
the per cent of apoptotic cells 24 h post-exposure. (B) Nucleosomal DNA ladder formation as a function
of UV exposure. Lane I, untreated cells; lanes 2, 3, 4, 5, 6 and 7 are cells exposed to increasing
dose (10, 20, 30, 40, 50 and 60 s) of UV.
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1997). Our knowledge concerning the ability of p35 to
intercept oxidative stress-induced apoptosis is rather poor
despite the more or less universal action o f p35 in
complementing bcl2 function in different systems. With
the development of insect cells as a model for oxidative
stress-induced apoptosis and given the conserved nature
o f the basic machinery of the apoptotic pathway among
the metazoans, it would be possible to study important
mechanistic and evolutionary issues not just relating to
p35 but oxidative stress-associated signaling cascade leading to apoptosis.
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