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INTRODUCTION

Oxidative stress plays a pivotal role in the pathogenesis of
atherosclerosis, lung disease and cancer [1]. Cigarette
smoke is a complex and dynamic mixture of more than

5,300 individual chemical constituents [2] and there is
strong evidence linking cigarette smoking with a number of

disease processes. Cigarette smoke is known to cause
cellular oxidative stress [3] and apoptosis/necrosis [4],
which is reported to contribute to the development of these

diseases [5,6].

Cellular exposure to increasing levels of oxidants in vitro

has been reported to follow a tiered sequence of events;
namely induction of antioxidant systems, inflammatory

signalling and apoptosis/necrosis [7]. Induction of
antioxidant systems (tier 1) is mediated via Nrf2 signalling

pathways and the corresponding activation of the
antioxidant response elements (ARE) to defend against
oxidative damage. As oxidative stress increases, the cell

initiates pro-inflammatory responses (tier 2), characterised
by activation of NFkB signalling pathways that upregulate

pro-inflammatory genes and increase secretion of
inflammatory cytokines. At high levels of oxidative stress,
cells undergo apoptosis and direct necrosis (tier 3).

This proof of concept study involved the development of in

vitro techniques, utilised to characterise the induction of
each tier. Specifically we describe the development of a
plate based luminescence GSH:GSSG-Glo assay, which

indirectly assesses oxidative stress by quantifying total
levels of the intracellular antioxidant glutathione, and also

it’s oxidised form (GSSG). This allows calculation of the
reduced/oxidised glutathione ratio (GSH:GSSG), a useful
indicator of oxidative stress (tier 1). To characterise the tier

2 inflammatory response, we adapted a commercially
available electro-chemiluminescence multiplex protein

quantification assay (Meso Scale Discovery platform),
which quantifies post exposure secretion of the pro-
inflammatory mediator proteins interleukins IL-1α, IL-6, IL-

8, and monocyte chemoattractant protein 1 (MCP-1). A
commercially available multiplex assay (Apolive-Glo) was

used to detect the tier 3 response, which measures both
cell viability and apoptosis by detecting live cell protease
activity and caspase-3/7 activation (an early marker for the

induction of apoptosis).

METHODS

Cell culture
Human bronchial epithelial cells (H292; American Type
Culture Collection, Middlesex, U.K.) were grown initially in

75cm2 (T75) tissue culture flasks. H292 cells were
maintained in RPMI 1640 medium supplemented with 10%

foetal bovine serum (FBS), 2mM glutamine, 50U/ml
penicillin and 50µg/ml streptomycin, at 37ºC in a humidified
5% CO2 incubator. 96-well plates were seeded with

100µl/well of 1x105 cells/ml cell suspension. The cells were
then cultured at 37ºC in a humidified 5% CO2 incubator for

72 hours prior to cigarette smoke aqueous extract (CSEaq)
exposure.

Cigarette smoke aqueous extract (CSEaq) production
3R4F reference cigarettes were conditioned at 22°C and

60% relative humidity for 48 hours and smoked on a
RM20H smoking machine (Borgwaldt-KC, Hamburg,
Germany) under ISO standard puffing conditions (35/2/60,

vents open; ISO 3308:2000). CSEaq was generated by
bubbling the smoke from a single cigarette through a glass

impinger containing 20ml of DMEM/F12 medium (without
foetal bovine serum).

Exposure
H292 cells were exposed to 3R4F CSEaq at the following

concentrations for a period of 4 hours in all experiments :
8.90%, 11.87%, 15.82%, 21.09%, 28.13%, 37.5%, 50%,
66.67%.

Results

GSH levels were reduced by 3R4F CSEaq in a concentration-
dependent manner (Figure 5). Secretion of pro-inflammatory
cytokines IL-1α and IL-6, were increased by 3R4F CSEaq in

a concentration-dependent manner (Figure 6), however IL-8
and MCP-1 production were only increased at the highest

3R4F CSEaq dose (data not shown). Caspase 3/7 activity
(apoptosis) and cytotoxicity were also increased in a
concentration-dependent manner (Figures 7 and 8

respectively). The concentration-effect plots have been
combined in Figure 9 to give an overview of tier induction in

relation to CSEaq concentration.
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Figures 5,6,7& 8. Individual graphs illustrating the relationship between CSEaq 

exposure (4hr) concentration and oxidative stress, inflammation, apoptosis, and 

cytotoxicity respectively in H292 cells. Data are means +/-STDEV from a minimum 

of 3 experiments with 6 intra-plate replicates per CSEaq concentration.

Figure 9. Graph illustrating the relationship between CSEaq exposure (4hr) 

concentration and oxidative stress, inflammation, apoptosis, and cytotoxicity 

respectively in H292 cells. Data points are means only from a minimum of 3 

independent experiments with 6 intra-plate replicates per CSEaq concentration.

With all endpoints, assay variability complicated the accurate 

determination of the tier boundaries, however the mean plots 

did indicate the reported tiered sequence of events.  A 

potential source of some of the variability could be that the 

production of CSEaq is not consistent.  Variability could be 

reduced by monitoring the production of CSEaq by using 

quality control markers such as online CO measurement, 

CSEaq nicotine concentration and optical density 

measurements (by UV spectrophotometry). Furthermore, the 

endpoints measured in this study may not be sufficient to fully 

characterise each tier.  The use of reporter assays to study 

Nrf2 and NFkB activity in H292 cells across the dose range 

may further help to characterise each tier.

CONCLUSIONS
This proof of concept study has demonstrated a tiered

oxidative stress response of lung epithelial cells to CSEaq
exposure beginning with a gradual depletion of cellular GSH
with the associated lowering of the GSH:GSSG ratio,

proceeding to the initiation of inflammatory processes as
determined by IL-1α and IL-6 secretion at mid-level oxidative

stress and culminating with apoptotic and necrotic effects at
high oxidative stress levels.
Following further developmental work to reduce assay

variability and to characterise the tier boundaries with the use
of reporter assays of Nrf2 and NFkB, this approach could

potentially be useful for future assessment of combustible
and non-combustible tobacco products, and other products
which may induce oxidative stress in cellular systems.
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(Tier 1) GSH:GSSG-Glo assay

Both total glutathione and GSSG levels were determined using

the Promega GSH/GSSG-Glo assay (Figure 1). After each
exposure the plates were washed with 200µl/well 1 x PBS.
Then 50µl of total and oxidised glutathione reagents were

added to wells on separate plates for total GSH and oxidised
GSSG detection. Plates were placed on an orbital shaker for

5mins then 50µl of luciferin generation reagent was added to
all wells on both the total and oxidised plates. Plates were kept
in a dark area at room temperature for 30mins. 100µl of

luciferin detection reagent was then added to all wells on both
plates, which were then left for 15mins in a dark area to

equilibrate. Luminescence signals were measured using a
SpectraMax multimode plate reader.

(Tier 2) Multiplex electrochemiluminescence
protein quantification via Meso-Scale Discovery 

platform

The concentrations of secreted pro-inflammatory proteins IL-

1α, IL-6, IL-8, and MCP-1 were assessed using custom
multiplex MSD in a 96-well format. Post exposure, H292 cells

were washed with 200µl/well 1 X PBS followed by the addition
of 50µl DMEM/F12 media. The plates were then returned to
the incubator for a recovery period of approximately 20hrs at

37°C. Subsequently pro-inflammatory cytokine quantification of
the supernatant was performed via the MSD assay procedure

illustrated in Figure 2.

Figure 2. The principle of the Meso Scale Discovery assay to detect pro-

inflammatory proteins. This is a sandwich immunoassay where the target in the

sample binds to a capture antibody immobilised on the working electrode surface on the

plate with the addition of a labelled detection antibody. Voltage applied to the plate

causes the label bound to the electrode surface to emit light.

(Tier 3) Apolive-Glo multiplex assay

Caspase-3/7 activity and cell viability were assessed using the

Promega Apolive-Glo multiplex assay in a 96-well format
(Figures 3 & 4). After each exposure plates were removed
from the incubator and 20µl of viability reagent was transferred

to all wells. Plates were agitated for 30s on an orbital shaker
then incubated at 37ºC for 30mins. Fluorescence signals were

measured using a multimode plate reader. For the apoptosis
detection, 100µl of caspase 3/7 reagent was added to all wells.
Plates were agitated again for 30s then left at room

temperature for 30mins. Luminescence signals were then
measured using the multimode plate reader.

Figure 1. Principle of the GSH/GSSG-Glo assay. The assay is a luminescence-based

reaction where there is GSH-dependent conversion of a GSH probe Luciferin-NT to

luciferin by a glutathione S-Transferase enzyme, which is coupled to a firefly luciferase

reaction.

Figure 3. The principle of the Apolive-

Glo assay to assess cell viability. This is

a fluorescence based reaction where a

cell-permeant substrate enters the cell and

is cleaved by a live-cell protease to

produce a fluorescent signal proportional

to the number of living cells.

Figure 4. The principle of the Apolive-

Glo assay to assess caspase-3/7

activity. This is a luminescence based

reaction where a luminogenic substrate is

cleaved by caspase and a substrate for

luciferase is released, resulting in the

luciferase reaction and the production of

light, which is proportional to caspase

activity.


