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Abstract

When the cell is under stress arising from oxidation, heat, infection, 
toxic contamination or any other stressful condition, proteins may 
unfold and expose residues in their structure that under normal  
physiological conditions are hidden and shielded from chemical 
reactions.

In this licentiate thesis the effects of general oxidative stress on the 
production of recombinant protein by mammalian cells are 
considered.

The work consisted of a broad literary review focused on oxidative 
stress and cellular response, cross-protection, gene regulation in 
response to oxidative stress and the relevance of this to pharmaceutical 
industry. A series of oxidative stressors is described and examined for 
experimental use. Experimental cultivation and maintenance of several 
mammalian cell lines was performed and several candidate stressing 
agents were proven on these cell lines. Menadione was selected as a 
powerful and consistent stressing agent, and so several experiments 
were performed where batches of cells were exposed to varying 
degrees of stress.

The performance of the cells in regard to production of recombinant 
protein was then examined by ELISA, showing a strong down-
regulation of production under stressful conditions. Recombinant 
protein taken from stressed and control cultures is then isolated, 
purified and examined with MALDI-TOF spectrometry. Finally 
mRNA from the cells is isolated and examined by means of 
microarray. Genes that are significantly regulated are examined, and 
those genes that may have significance in the area of stress regulation 
and reaction are listed.

The results of the study show that mitomycin C exerts oxidative stress 
on the industrial protein expressing mammalian cell lines tested.
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Abbreviation Meaning

CAN Acetonitrile
ATCC American type culture collection
BHA Butylated hydroxyanisole
BP Base Pairs
BSO Buthianine sulfoximine
BHK Baby hamster kidney
cDNA Complementary DNA
CHO Chinese hamster ovary (cells)
CDS Coding sequence
CRR Cyanide resistant respiration
DMSO Dimethyl sulphoxide
DNase Deoxyribonuclease
DOT Dissolved oxygen tension
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
EN Electronic nose
EST Expressed sequence tag
FCCP Carbonyl cyanide 

p-trifluoromethoxyphenylhydrazone
FPLC Fast Protein Liquid Chromatography
GSH Glutathione
HPLC High performance liquid chromatography
HSP Heat shock protein(s)
IFN-γ Human Gamma Interferon
LDCL Lucigenin-derived chemiluminescence
mAb Monoclonal Antibody
MALDI Matrix Assisted Laser Desoprtion Ionisation
MALDI-TOF MALDI-Time of Flight
MCB Monochlorobimane
MD Menadione
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mRNA Messenger RNA
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Abbreviation Meaning

rh-M-CSF Recombinant human macrophage stimulating 
factor

RLU Relative light units
ROS Reactive oxygen species
RMA Robust Multichip Average
rpm Revolutions per minute
RTase Reverse transcriptase
SOD Super-Oxide dismutase
SPR Surface plasmon resonance
tBOOH tert-butylhydroperoxides 
TcCPX Tryparedoxin peroxidase
tPA Tissue plasminogen activator 
TFA Trifluoroacetic acid
Tris Tris(hydroxymethyl)aminoethane 
Tris·Cl HCl-buffered Tris 
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1. Oxidative stress responses in 
mammalian cells 

1.1   Background of cellular stress
When the cell is under stress arising from oxidation, heat, infection, 
toxic contamination or any other stressful condition, proteins may 
unfold and expose residues in their structure that under normal 
conditions are hidden and shielded from chemical reactions. As a 
consequence of stress, these residues can easily interact and form 
aggregates which may harm or even kill the cell (Krebs, 2003). Under 
such conditions all cells produce stress proteins to protect the cell from 
damage. Most well known are the heat shock proteins (HSPs), a very 
conserved group of proteins originally discovered in 1962 when 
Ferruccio Ritossa performed a heat shock on Drosophilia melanogaster 
larvae, and noted that it induced unusual gene expression (Ritossa, 
1962; Davies, 2001). The products of these genes were isolated in 1974 
and termed heat shock proteins (Tissiéres, 1974). However, this name is 
a misnomer, as the proteins are induced by many types of stress; for 
example, some HSPs have been induced by surgical injury (Carter, 
2003), or by exposure to heavy metals or UV radiation, while others 
are expressed constitutively (Dwyer, 1995; Huang, 2004). 

Stress proteins can help the cell in mainly three respects, by:

•  Down-regulating general protein production

•  Assisting in the refolding of misfolded proteins

•  Destroying misfolded proteins

There is a variety of stress proteins that can be constantly expressed, or 
induced by a general or specific stress. At low to moderate 
concentrations stress proteins acting as molecular chaperones can 
recognise and bind to unfolded or non-native proteins, and thereby 
minimise their aggregation (Feder, 1999). By contrast, at supra-
physiological levels many HSPs can bind proteins inappropriately; 
interfering with their cellular localisation and harming growth and 
development of the organisms (Krebs, 1997). Oxidative stress effects 
have been comprehensively investigated in prokaryotic cell systems. 
There has also been some research on mammalian cells, such as rat lung 
and brain cells, and human skin fibroblast cells, but very little public 
research has been performed on the eukaryotic mammalian cells used 
in recombinant protein production, an increasingly important area in 
the pharmaceutical industry.
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1.2   Fundamentals of oxidative stress 
Stress is any deviation from optimal growth conditions that can inhibit 
maximal cell growth, or at least induce a cellular stress response. There 
are four simple levels of stress; under minimal stress, cells can react well 
enough with their stress responses to continue growth without being 
affected. Under severe stress, cells may no longer grow at an optimal 
rate, but can tolerate the conditions. Under extreme stress cell growth 
ceases and the cell uses its resources merely to survive. And finally, 
under lethal duress, a colony of cells may begin responses, which can 
lead to the sacrifice of many individuals in order to save a portion of 
the population (Storz, 2000).

Oxidative stress is the specific cellular stress where the ideal 
physiological ratio of oxidants to reductants is altered in favour of 
oxidants, creating species such as oxygen radicals (Cadenas, 2000). 
Aerobic organisms use oxygen as a terminal electron acceptor in the 
mitochondrial respiration pathway (oxidative phosphorylation), which 
is the cells greatest source of oxygen free radicals under normal 
conditions. One to two percent of the oxygen consumed by a cell may 
be transformed into oxygen radicals, which then lead to the production 
of reactive oxygen species (ROS). 

ROS appear to be the most common root cause of most degenerative 
eukaryotic cell disorders. Free radicals can cause single and double 
strand breakage in DNA, inappropriate cross-linking in proteins and 
even oxidation of lipids (McKersie, 1996). As specific growth rate and 
respiration levels rise, so too may the levels of oxygen radicals rise, 
causing damage to the cell. Oxygen radicals are also created and utilised 
in the cell for the destruction of pathogens, the production of complex 
organic proteins and the polymerisation of cell wall components. 

Figure 1. Oxygen acting as an electron acceptor in the cells main energy 
pathway.
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Reactive chemical intermediates derived from various substances have 
been invoked as agents in many toxicological mechanisms. Oxygen free 
radicals are thought to be the causative agents in a wide variety of 
diseases and degenerative states. Yet immune surveillance produces these 
reactive molecules to destroy foreign pathogens. The primary 
mechanism to form these reactive intermediates is often referred to as a 
Fenton-type reaction, which is the catalytic reaction between hydrogen 
peroxide and redox active metals (such as ferrous cations) to produce 
powerful oxidants that can oxidise a wide number of important 
biomolecules:

(I) •O2- + H2O2 → •OH + HO- + O2

(II) Fe3+ + •O2− → Fe2+ + O2

(III) Fe2+ + H2O2 → Fe3+ + OH− + •OH

The Haber-Weiss reaction generates oxygen radicals from hydrogen 
peroxide and super-oxide, however the reaction is very slow. (I) can be 
catalysed by the presence of Fe3+ to a much faster set of reactions (II) 
and (III), known as the Fenton reaction. The resulting oxidant, the 
hydroxyl radical, is the most powerful oxidant known and is so reactive 
it has a lifetime of only 10-9 seconds. These oxidation reactions are 
thought to be the genesis of many diseases (Ames, 1993).

Oxidative stress is imposed on cells as a result of one of three factors: 

• An increase in oxidant generation 

• A decrease in antioxidant protection 

• A failure to repair oxidative damage 

Increase in oxidant generation leads to an accumulation of cellular 
ROS. ROS are either free radicals, reactive anions containing oxygen 
atoms, or molecules containing oxygen atoms that either can produce 
free radicals or are chemically activated by them (for example, hydroxyl 
radical, super-oxide, hydrogen peroxide, and peroxynitrite). The main 
source of ROS in vivo is aerobic respiration, although ROS are also 
produced by peroxisomal β-oxidation of fatty acids, microsomal 
cytochrome P450, metabolism of xenobiotic compounds, stimulation of 
phagocytosis by pathogens or lipopolysaccharides, arginine metabolism, 
and tissue specific enzymes. 
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Under normal conditions, ROS are cleared from the cell by the action 
of super-oxide dismutase (SOD), catalase, or glutathione (GSH) 
peroxidase. The main damage to cells results from the ROS-induced 
alteration of macromolecules such as polyunsaturated fatty acids in 
membrane lipids, essential proteins, and DNA. Additionally, oxidative 
stress and ROS have been implicated in disease, such as Alzheimer's 
disease, Parkinson's disease, cancer, and ageing (Fiers, 2000; Nicholls, 
2000). A wide range of chemical and physical insults can, by many 
means, cause oxidative stress and increase ROS levels. 

These in turn cause the up-regulation of HSPs and other stress proteins 
that repair the damage caused by ROS. Other cellular enzymes 
breakdown the oxygen radicals into hydrogen peroxide, which can be 
then further broken down into the safe by-products oxygen and water. 
As ROS are generated both by the cell, and by stress on the cell, this 
means we can induce stress in two ways. Directly, by chemical or 
physical means, or indirectly, by inhibiting the cells own safeguards 
against radical oxygen anions created in the mitochondrial energy 
pathway (figure 1). 

Measurement can likewise be direct, by estimating intercellular radical 
levels, or indirect, by, for example, examining the activity of radical 
sensitive enzymes. Also to be noted is that SOD is a very stable protein, 
in fact more thermostable than any characterised globular protein 
(including those from thermophiles) and it is relatively resistant to a 
wide range of proteases.  Therefore it accumulates intracellularly in cell 
culture as the culture matures. This means that as cell concentration 
increases, the cells become more resistant to oxidative stress. This may 
also have a protective effect on secreted recombinant proteins in the 
bioreactor and may be an important factor in analysing experimental 
data (Forman, 1973; Malinowski, 1979; Kang, 2003).
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1.3   Oxidative stress responses of mammalian 
cells
When a mammalian cell undergoes excessive oxidative stress, or when 
its own innate defence against stress have been compromised, the ROS 
are formed at a rate greater than the cell can neutralise them. These 
aggressive compounds can cause damage to cellular DNA and proteins, 
and to counter this the cell will respond by down-regulating most of its 
normal protein production in order to prioritise the production of 
proteins such as HSPs that can neutralise the oxidative stress and 
thereby protect the cell. 

The cells’ reaction to stress depends on the levels of stress applied. Low 
fluctuations in cellular stress levels can be contained and compensated 
for by the cells’ inherent defences. Higher levels may require the cell to 
produce HSPs to nullify the increased stress, higher levels again may 
cause the cell to halt the cell cycle to try and balance out the specific 
cell stress levels. Finally, overwhelming oxidative stress levels can of 
course cause mass cell death (Morel, 1999; Storz, 2000; Lee, 2001; 
Mittler, 2002).

These different effects of stress on mammalian cells allow us to divide 
up stress into four compartments. Low stress, where the innate defences 
of the cell can deal with the stress and the cell does not undergo any 
degraded performance. Medium stress, where the cell adapts by altering 
the production of its stress proteins. Medium stress causes the cell to 
cease normal function until it has adapted its defences to the point 
where the stress is controlled, whereupon it resumes normal cell cycles. 

Table 1. Stress levels arbitrarily differentiated by potency depending on how 
the cells react.

Level of stress

Extreme Mass cell death

High Survivable, but growth inhibitory

Medium Cellular stress response adapts

Low Cell inherent defences suffice

None Optimal growth
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With high stress the cell has to devote all of its resources to surviving 
the stress, and it suspends cell cycles and normal protein production 
until the stress is reduced. Finally cells can undergo extreme levels of 
stress, under which the majority of cells will die. Although the table 
above shows the different stress levels cleanly divided, in reality 
responses vary cell to cell and there are also many grey areas between 
each arbitrary level where the cells may react uniquely. For example, 
some cells may die even under low stress.

Cells that undergo no stress can be used as a control, but how can we 
differ between cells that are undergoing these varying stress levels? As 
the project concerns the effects of stress on recombinant protein 
production so as to be applicable in industry, it is not planned to study 
the extreme levels of stress, as there it is impossible to differentiate 
between reduced recombinant protein production due to cell death 
compared to down-regulation due to the cells reaction to the stress. 

• Cells undergoing high stress levels will suspend their cellular division 
cycles, as well as showing a severe and persistent drop in recombinant 
and general protein production from ELISA tests. The maximum 
level of stress to be applied will be that which causes severe and 
continuous protein production down-regulation, without appreciable 
cell death. 

• Medium levels of stress can be detected by examining recombinant 
protein production; the cell should cease non-vital protein 
production in favour of up-regulating oxidative stress genes (Bose 
Girigoswami, 2005). As the cell adapts to the stress, recombinant 
protein production should begin again.

• Low levels of stress are those that may cause minor changes in the 
cells stress array results, but should have no noticeable difference in 
protein production compared to the control, as normal cell stress 
buffers should be capable of handling low stress levels intrinsically. 

The proposition is to expose CHO cells not only to varying levels of 
stress, but also varying lengths of exposure, and then to monitor their 
reactions over time. Additionally, the stressors used will not be limited 
to hydrogen peroxide and oxygen, as is common in many papers 
dealing with oxidative stress in mammalian cells. Some of the research 
performed on mammalian cells regarding oxidative stress use high levels 
of hydrogen peroxide for short periods of time (Keyse, 1987). Less 
attention has been paid to other stressors, or to the effects of chronic 
stress. 
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Figure 2. An overview of how stress is initiated and responded to by the cell.

1.4   Cellular cross-protection by stress
Cellular cross-protection occurs when the stress response induced by 
one specific type of stress, gives cells increased resistance to other types 
of stress (Mongkolsuk, 1996; Mary, 2003; Vattanaviboon, 2003). An 
example of this kind of protection is demonstrated with stress-induced 
thermo-tolerance, where Escherichia coli cells given a non-lethal heat 
shock (42 °C) down-regulated normal protein production and begin 
production of HSPs, and so are later able to survive what would 
otherwise be a lethal heat shock (46 °C).  This is due to the up-
regulation of stress proteins at many levels (e.g. mRNA synthesis and 
stability, translational efficiency) that can protect cells from other stress. 
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Cross-protection is not universal, and it can also occur in specific ways. 
For example, heat shock may protect against hydrogen peroxide, but 
not vice versa. Experiments performed on Xanthomonas oryzae showed 
how some stress bestow cross-protection and others do not. Exposure 
to sub-lethal levels of hydrogen peroxide protected the organism against 
subsequent exposure to lethal levels of hydrogen peroxide. However, no 
cross-protection was observed with subsequent exposure to tert-
butylhydroperoxide (tBOOH) or menadione. And exposure to sub-
lethal levels of tBOOH did induce cross-protection against lethal 
hydrogen peroxide levels. The overall results demonstrated that the 
levels of protection against hydrogen peroxide caused by various stress 
inducers were related to their ability to induce catalase production.  

1.5   Oxidative stress and gene regulation
Gene expression is regulated by either physiological factors, such as 
hormones and cytokines, or by environmental factors, such as 
xenobiotics or physical parameters. Oxidative stress is a key component 
of both of these mechanisms. ROS can act as a rapid and easily 
reversible regulator, as they are a common and transient response to 
many different causes of cell damage, such as heat, inflammation, 
irradiation or xenobiotics (Hentze, 1996; Andrews, 1999; Calini, 2003). 
Studies show that even moderate oxidative stress down-regulates 
various genes’ expression (Morel, 1999; Sánchez-Alcázar, 2002), 
although most studies concentrate on examining those genes that are 
up-regulated by oxidative stress. 

From an industrial point of view the down-regulating aspects of 
oxidative stress are more relevant, as most recombinant proteins will 
probably be down-regulated by cell stress. A cellular reaction to 
oxidative stress, as far as gene regulation is concerned, is to neutralise 
any damage caused by, and buffering, the oxidative stressor. Low 
concentrations of hydrogen peroxide have been shown to lead to an 
arrest in cell growth and a lengthening of the cell cycle. In Saccharomyces 
cerevisiae for example, oxidative stress inhibited the ‘Start’ function, 
which prepares the cell for S-phase growth (Lee, 1996; 
Eiamphungporn, 2003). It is surmised that this gives time to the cell to 
make enzymes that can buffer ROS and repair any damage caused by 
them. This is critical for the cell, as any DNA damage (such as base 
alterations or deletions) would become an irreversible mutation if cell 
division occurred. The cell may also use this time to initiate apoptosis 
instead of cell division if the damage to the cells constituents is 
sufficient. 
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Many genes are regulated by several transcription factors, complex 
regulatory proteins that initiate transcription of specific genes by means 
of a series of complex protein-protein, and protein-DNA interactions.

If a transcription factor is altered by oxidative stress then this would 
lead to a sharp decline in promoter activity and gene expression. 
Examples of this type of regulation have been found to occur with the 
tumour-repressor p53, NF1 (a DNA activation regulator), Sp1 and 
others (Morel, 1999). Oxidative stress also has regulatory impact in the 
mitochondrial system. The mitochondrion has its own genome and 
makes its own RNA, which appears to be specifically degraded by 
oxidative stress (especially 16s rRNA) (Crawford, 1998). 

High levels of oxidative stress can cause the mitochondria to shut 
down, cutting off the cells’ main energy source, and possibly leading to 
apoptosis. Low levels of oxidative stress would down-regulate the 
mitochondrial activity, which would reduce the amount of ROS being 
created by the organelle, and allow the cell to adapt and survive to its 
environment. High or chronic levels of oxidative stress can however 
inhibit p53 and also cause DNA damage. p53 inhibition can then 
prevent the activation of genes responsible for initiating apoptosis or 
DNA repair, and this might lead to the development and survival of 
mutated cells (Parks, 1997).

1.6   Industrial aspects of cell stress
Numerous studies on the effects of oxidative stress on prokaryotic cells 
have been carried out, especially on E. coli, the most common 
production organism in large scale, as well as on lower eukaryotic cells, 
such as yeast. However, only few studies have been performed on 
mammalian eukaryotic cells, even though mammalian cells nowadays 
are often used to produce high cost, low volume recombinant human 
protein products (such as Factor VIII or tissue plasminogen activator 
(tPA). These complex proteins require certain modifications to be 
functional, which prokaryotic cells cannot perform. 

Higher eukaryotic cells are also much more susceptible to damage from 
stirring and aeration during processing than prokaryotic cells are. 
Therefore, a study on the eukaryotic cellular response to oxidative stress 
has direct practical implications in industry. Furthermore, mammalian 
cells are now dominating recombinant protein production, especially 
for the production of such complex pharmaceutical products that 
require complex folding, disulphide bridge formation or glycosylation 
that necessitate the endoplasmic reticulum and Golgi apparatus of 
animal cells (Wurm, 2004). 

9



 Table 2. Specialised products produced by animal cells. 

Product type Examples

Monoclonal antibodies Diagnostics
Preparative
Therapeutic

Immunoregulators Interferons
Lymphokines
Interleukines

Viral vaccines Hepatitis
Polio
Rabies

Hormones Erythropoietin
Enzymes Factor VII/VIII/X

Plasminogen activator (tPA)
Tissue cultures Skin transplants

As mammalian cell culturing appears to be the preferred bioprocessing 
method for biotech and pharmaceutical production, cellular stress 
becomes a serious problem for the pharmaceutical industry to 
overcome. This is further underscored by the fact that the animal cells 
contrary to prokaryotic cells lack the cell wall making them much 
more susceptible to some stress effects. 

The increasing use of animal cells in industry results in larger batch 
sizes which lowers overhead costs and raw material costs. Unfortunately 
large-scale production has disadvantages, for example, the problem of 
how to efficiently aerate and mix the cell culture in bioreactors with 
volumes greater than 2,000 L. 

Hot spots of high temperature in the bioreactors or stagnant areas 
which receive little aeration are problems that affect these large 
bioreactors but are rarely an occurrence in the small scale. These 
problems are often dealt with by having increased levels of aeration and 
increased mixing rates, both of which lead to increased cell stress. 
Aeration and sparging cause locally high levels of oxygen leading to 
oxidative stress, and physical cell stress is caused by increased shear 
forces from high rates of mixing and from higher levels of sparging. 

Alleviation of oxidative stress in these high-cost, high-volume scenarios 
is of prime concern to the pharmaceutical industry, and would lead to 
higher efficiency and increased product recovery. This study aims to 
gain additional insight into these complications arising during 
recombinant protein production in mammalian cells.
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Table 3. Many of the most valuable animal cell products from recent years 
have been produced with CHO cells.

Commercial product               Active protein Cell line

Epogen Erythropoietin (anti-anaemia agent) CHO

Saizen Human Growth Hormone CHO

Recombinate Factor VIII (blood anti-clotting agent) CHO

Gonal Follicle stimulating hormone (infertility) CHO

Avonex Interferon-β (anti-cancer) CHO

Novo Seven Factor VIIa (blood anti-clotting agent) BHK

In this study recombinant Chinese hamster ovary (CHO) cells 
producing human macrophage stimulating factor (rh-M-CSF) were 
exposed to various levels of oxidative stress. CHO cells were chosen 
because of their popularity in biopharmaceutical applications, main due 
to their ability to grow in single cell suspension (Wurm, 2004). The 
cells were chemically stressed by a general reactive oxygen species 
(ROS) stimulating agent, menadione. The cells were monitored 
carefully and their recombinant protein production levels were 
measured. 

These cells were superseded by CHO cells producing human 
interferon-γ (IFN-γ). The recombinant protein for these cells was 
purified by HPLC and examined by MALDI-TOF spectrometry to 
check for dissimilarity between the proteins produced by stressed and 
unstressed cells. 

Later in the study, in order to allow the use of Affymetrix microarrays 
the cell line was changed to mouse hybridoma cells. This particular line 
of hybridoma cells were used for the production of monoclonal 
antibodies for erythropoietin (EPO). They were cultured and stressed 
according to the same protocol as for the CHO cells with as little 
variation as possible.
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2! Methodologies for studying 
! oxidative stress
2.1   Common causes of oxidative stresses and 
their experimental elicitation
Oxidative stress can be induced in three general ways, physically by 
means of heat shock, radiation, or oxygen sparging. Chemically, with 
stressing agents such as menadione, hydrogen peroxide, antimycin-A or 
even with increased iron concentrations that would catalyse the 
production of hydroxyl radicals. Or finally by inhibiting the integral 
oxidative stress reducing defences, by disabling proteins such as super-
oxide dismutase or catalase. These options will now be examined with 
the aim of picking reliable, convenient methods for inducing cellular 
stress.

Heat Shock
Heat shocks delivered to eukaryotic murine macrophage have been 
shown to increase capacity for the production of super-oxide anions 
(Reddy, 1992). Similar results were found by heat shocking 
recombinant yeast cells at 48 °C and taking samples every 15 minutes 
to check for lethality. 

Heat stress causes direct damage to cellular components, denaturing 
proteins and causing dissociation and improper function of DNA. 
Exposure of CHO cells to temperatures of 43 °C and 45 °C causes 
dissociation of the polyribosomes (Arancia, 1989). Damage can also 
vary depending on the length and intensity of the heat shock. For 
example, CHO cells exposed briefly to temperatures from 43°C to 
45°C were found to have breaks in their DNA strands which were 
slowly repaired when the cells were returned to 37°C. However if the 
cells were exposed to 45 °C for 30 minutes the DNA damage was 
irreparable. (Warter, 1987). 

Heat stress has also been found to cause mitotic cell division problems, 
whereby cell spindles misaligned the chromosomes during mitosis 
resulting in sterile multi-nucleated daughter cells (Vidair, 1993). 
However heat stress insults on human skin fibroblasts were found to 
induce a limited array of stress proteins. Experimentation showed that 
UV irradiation at wavelengths of 334 nm or greater induced a 32 kDa 
protein that heat shock did not produce (Keyse, 1987). 
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Although heat shock has numerous advantages, it is advisable to make it 
one of many inductors of oxidative stress, to ensure a broad spectrum of 
stress genes are activated and analysed. 

Furthermore, variation in how the cells respond to heat stress 
depending on the temperature shift used has been observed in murine 
testicle cells. A gene, apg-1, was observed which had sequence 
homology with Chinese hamster hsp110. It was induced in a 2 hour 
shift from 32 to 39 °C, but not by a shift from 37 to 42 °C, or from 32 
to 42 °C. Induced thermo-tolerance was mentioned earlier, where E. 
coli cells exposed to a low initial heat shock would subsequently survive 
an otherwise lethal heat shock. This acquired resistance is sometimes 
applicable across different types of oxidative stress. For example, CHO 
cell culture exposed to sodium arsenite or puromycin were observed to 
have increased resistance to thermal shocks (Lee, 1988).

Cell cultures would be exposed to a range of temperatures from 37 to 
45 °C for varying time periods (from 5 to 120 minutes). A control 
culture is to be kept constant at 37 °C. Several temperature variations 
should be tried to observe any optimal range for activating a wide 
range of stress genes.

Oxygen Sparging
Increasing oxygen levels in the gas used to aerate the bioreactor should 
cause an increase in the dissolved oxygen tension (DOT) in the reactor 
media, which in turn would cause an increased cellular generation of 
oxygen anion radicals. This method of increasing oxidative stress is well 
documented and is easy to perform with standard bioreactor 
equipment. However, in an experiment using this technique on a 
fungus, an increased oxygen concentration has been shown to up-
regulate the use of the alternative energy pathway that reduced the 
level of oxygen radicals (Bai, 2004). Eukaryotic cells are also more 
sensitive to shear stress and air bubbles than prokaryotic or fungi cells, 
so damage caused to the cells may not arise solely from oxidative stress 
- it may be caused by membrane damage from bubbles.

To prevent this from being a factor, the feed rates of gas would be kept 
constant at 1 vvm to avoid causing membrane damage, and obviously 
controls should be kept aerated at identical intensities, but without the 
oxygen enriched air. One other problem may lie with how the DOT is 
measured. Standard lab practise is to calibrate the DOT probe in a tank 
of water aerated with pure air. A value of 100% DOT is taken as the 
highest DOT reached. However, if we are to aerate the cells with pure 
oxygen, the DOT may rise above 100% DOT, or 100% DOT may be 
similar to air aerated levels, but the speed at which the liquid reaches 
100% DOT may change.
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To avoid this problem, the DOT probe would be calibrated in 100% 
oxygen-aerated water and then used to measure DOT in a traditional 
air-aerated tank. If an oxygen-aerated tanks DOT is shown to increase 
over the maximum DOT achieved with traditional means, then the 
DOT levels can be measured with a probe calibrated in an oxygen-
aerated environment. One bioreactor would be sparged with 1 vvm of 
90% air, 10% CO2 per minute as a control. The other bioreactors would 
be fed with varying concentrations of oxygenated and carbonated air at 
the same rate as the control. 

Menadione
Menadione (2-methyl-1,4-naphtoquinonequinone) is a redox cycling 
quinone, an artificial form of Vitamin K3 that increases super-oxide 
anion concentrations. It has been successfully used at 5 mM in 100 mM 
potassium phosphate buffer (pH 7.4) with recombinant yeast cells 
(Yoo, 1999) and at 30 mM directly added to cell media aliquots 
(Pereira, 2003). 

Cell survival was monitored by taking aliquots every 15 minutes. The 
ability of menadione to induce a stress response is not limited to yeast 
cells, exposure to human skin fibroblasts was found to induce a full 
compliment of heat shock proteins after a 30 minutes exposure at 
concentrations varying from 50 µM to 750 µM (Keyse, 1987).

Cell cultures are to be incubated with concentrations varying from 1 
mM to 500 mM menadione in potassium phosphate buffer at 37 °C, 
while aliquots are taken every 15 minutes for analysis. 

Hydrogen Peroxide
Hydrogen peroxide is a ubiquitous intermediate in the cells’ energy 
cycle, and is found in high concentration in the mitochondria. It is also 
used in many cellular reactions as a substrate to create organic proteins. 

It causes the generation of oxygen radicals when there are ferrous 
cations present. Hydrogen peroxide can create a hydroxyl radical (the 
strongest oxidising agent known) by the catalytic Fenton reaction 
(shown on page 3). Although hydrogen peroxide was found to cause 
heat shock response in Drosophilae cells, there is doubt that a similar 
response is induced in mammalian cells. In experiments where human 
fibroblast cells were exposed to hydrogen peroxide for 2 hours, no 
induction of the major HSPs were detected, even at supra-lethal levels 
of 1 mM. Hydrogen peroxide was found to be, at best, a very poor 
inducer of heat shock response in human cells (Keyse, 1987). This may 
be due to the fact that catalase is widely distributed in mammalian cells 
(Weidauer, 2004). 
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In spite of this it might be beneficial to perform experiments involving 
hydrogen peroxide, the CHO cell physiology may differ enough from 
human fibroblast cells to yield different results, and even if hydrogen 
peroxide fails to create a significant level of oxidative stress, the 
experiment results would allow us to compare with similar experiments 
performed with E. coli cells. Hydrogen peroxide treated cells would be 
given concentrations of 1 to 5 mM H2O2 in potassium phosphate 
buffer (100 mM pH 7.4) in the same way as menadione and paraquat 
(Yoo, 1999). 

Antimycin A
Antimycin A can be used to stimulate cytochrome-c oxidoreductase, an 
enzyme that generates oxygen radicals in the mitochondria. It is used to 
elicit an increase in super-oxide radicals specifically in the 
mitochondria, unlike hydrogen peroxide, which can pass through any 
cell membranes. Cells are exposed to 0.5 µM Antimycin A and 4 µM 
FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) for 60 
minutes. As with phthiocol, amounts and exposure times should be 
varied in the first few experiments to determine adequate levels for use 
with CHO cells.

Mitomycin C
Mitomycin C is used as an intravenous and topical anti-cancer 
antibiotic, acting as a potent DNA cross-linking agent by means of 
alkylation and it has been shown to generate oxygen radicals. It is 
isolated from Streptomyces (Baumann, 2001; Pagano, 2001). 

Cells would be exposed to various concentrations of Mitomycin C in a 
vehicle of 70% ethanol for periods ranging from 3 to 12 hours. 

Increasing iron concentrations
Iron is essential for cellular growth as a catalytic agent, and is an integral 
part of peroxidase and catalase and many other important enzymes. 
However excess iron is toxic, to prevent loose iron from damaging cells 
(by acting as a catalyst in the Fenton reaction and creating hydroxyl 
radicals) loose intercellular iron concentrations are kept low by 
molecules known as siderophores which have an extremely high 
binding capacity for free iron molecules. 
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Inhibition of reactive oxygen defence mechanisms
 Superoxidase dismutase (SOD) 
SOD has two variants in eukaryotic cells; one has copper and zinc (Cu 
and Zn) in the active centre, while the other has manganese (Mn). 
Adding 1 mM potassium cyanide (KCN) to the reaction mixtures will 
specifically inhibit the Cu/Zn type. In larval Caenorhabditis cells at least, 
Cu/Zn type SOD makes up most of the cellular SOD levels 
(VanFleteren, 1993).  

 Reduced-glutathione (GSH)  
GSH is a major safeguard for prevention of oxygen radical leakage from 
mitochondria, and is inhibited by buthianine sulfoximine (BSO) and 
thioethers. GSH levels can be measured with monochlorobimane 
(MBC), which fluoresces in the presence of GSH.

 Catalase  

Catalase is the cells safeguard against hydrogen peroxide, which it 
breaks down into oxygen and water. It can be inhibited by nitric oxide 
(NO) or ascorbate. NO diffuses freely across cell membranes and so its 
effect is not compartmentalised. 

2.2   Selecting a method
The aim of the project was to examine the effects of a general, broad 
range stress on the target cell. This aim ruled out stressors that had 
effects limited to specific organelles (such as Antimycin-A, which 
stimulates cytochrome-c oxidoreductase, an enzyme that generates 
oxygen radicals in the mitochondria), stressors with low efficacy against 
mammalian cells (such as hydrogen peroxide, which was found to be a 
very poor inducer of HSPs in human cells (Keyse, 1987) perhaps due to 
the fact that catalase is widely available in mammalian cells (Weidauer, 
2004)) and stressors that were unavailable in large amounts, or that 
required complex methods to isolate and purify them (such as 
phenazine pyocyanine, which is a blue-green pigment produced by 
pseudomonas aeruginosa, requiring five days of cultivation to produce and 
then requiring chloroform extraction and distillation to purify (Müller, 
1989)).  Three chemical stressors were ordered, menadione, antimycin A 
and mitomycin C. The cells were treated with each stressor at varying 
concentrations and from these results the most aggressive stress agent 
was selected for further study. 
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Antimycin A (FLUKA, no 10792) was supplied in 25 mg aliquots. This 
yellow powder was dissolved in 2 ml of ethanol (99.5%). It formed a 
light yellow coloured solution at room temperature. 2⋅106 cells were 
exposed to 25 µl/ml of stock solution for 1 hour. Cells had similar 
viability results as unexposed and control (25 µl/ml ethanol) cells.

Menadione (FLUKA, no. 67900) is a bright yellow powder supplied in 
large quantities, and a stock solution of 5 mg/ml was prepared in 99.5% 
ethanol. 25 µl/ml of this concentration caused the majority of 2 ⋅106 
cells to die after 1 hour of exposure.

Mitomycin C (Sigma) is a dark blue powder and was supplied in 5 mg 
aliquots. It was dissolved in 10 ml of deionised water in a 37 °C water 
bath for 30 minutes, forming a light purple/blue colour. This was then 
filter sterilised. 25 µl of this concentration caused a drop from 96% to 
73% viability of 2⋅106 cells after 1 hour of exposure.

As menadione had a strong and rapid effect on the cells, it was chosen 
for further in-depth study.

 

2.3   Measuring oxidative stress effects
Measuring oxidative stress can be direct, by estimating the amount of 
oxygen radicals present in a cell, or indirect, by measuring cell viability 
to determine how many cells have succumbed to oxidative stress. The 
production of cellular recombinant proteins can also be analysed, as the 
levels of stress the cell is undergoing would affect it. 

The following list of methods to measure oxidative stress is not 
exhaustive and does not include measurement techniques that are not 
involved with oxidative stress (e.g. temperature, carbon dioxide/oxygen 
concentrations).
Measure Cell Viability

Measuring cell viability after an exposure to an oxidative agent can give 
a good idea of how much the agent can induce oxidative stress, and this 
method has been used in other experiments to analyse oxidative 
agents. It should be noted when examining literature that lethality in 
experiments determining the resistance of an organism to adverse 
conditions is often measured in terms of LD50, the concentration or 
exposure time that is found necessary to kill 50% of a population. This 
level will be very different from that required to kill 99.9968% (probit 
9) of a population, which will in turn be very different from that 
required to kill 100% of a population.
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Trypan Blue
Cell viability can be measured with trypan blue staining. Trypan blue is 
a very common method to distinguish viable from non-viable cells. 
Only non-viable cells allow the dye to cross their membranes, although 
viable cells also are dyed blue if left with the stain for too long. Another 
problem with trypan blue is that serum proteins adsorb it easily, so cells 
grown in complex media will have more background interference 
when being counted.

The procedure for using trypan blue is well documented, cells are 
diluted to a suitable concentration and then 0.4% (w/v) trypan blue is 
added to the media. Then viable and non-viable cells are counted with 
a haemocytometer and the percentage of viable cells is determined. 

Measure oxygen radical sensitive enzyme activity
Aconitase is an iron and sulphur containing dehydratase enzyme that 
plays a role in the citric acid cycle. It is very sensitive to oxidative stress 
levels, and has been used as a sensor for measuring oxidative stress in 
mammalian cells. After cellular extracts are prepared, centrifugation can 
be used to prepare clear cellular extract, which is then assayed for 
aconitase activity by spectrometry at 340 nm. The solution contains 50 
mM Tris·Cl (pH 7.4), 5 mM sodium citrate, 0.6 mM MnCl2, 0.2 mM 
NADP+, 1-2 units of isocitrate dehydrogenase and 10-100 µg of 
extract protein (Gardner, 1994, 1995, 1996).
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Measure recombinant protein production levels
The ELISA kit determines the concentration of target protein in the 
samples relative to samples with no IFN-γ and to standard samples of 
IFN-γ with a known concentration. Cells that produce a recombinant 
protein product should produce less under conditions of stress, and as 
most recombinant protein products are valuable protein products, 
ELISA kits designed to accurately determine their concentrations are 
readily available. An ideal result from the IFN-γ ELISA test performed 
on stressed and control cells should look similar to figure 3.

Figure 3.  Proposed ELISA results showing what might be expected from cells 
producing a recombinant protein exposed to increasing stress.
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• The control line shows a control set of cells that are grown in 
optimal conditions, over the course of the experiment they ought to 
produce IFN-γ at a constant rate. 

• The solvent line shows the effects of the solvent on the cells. For 
example if menadione had been used, this would be ethanol as shown 
above. This is to ensure any variation in protein levels are due to the 
stressor, and not the solvent. In fact, any variation between the 
control and the ethanol exposed cells has so far been so slight as to be 
undetectable, and as space in the ELISA plates is limited, exposing the 
cells to these minute amounts of ethanol has not been performed in 
the most recent experiments. 

• The other stress lines show how cells exposed to the stressing agent 
should react. 

The reaction should also vary depending on how severe the stress is to 
the cell.

• If the stress is minimal the curve should closely match that of the 
control curve, as the cells own innate defences handle the stress 
without affecting protein production.

• If the stress is moderate, the cell should respond by down-regulating 
most protein production to allow for increased stress response 
proteins to be manufactured. Once the stress has been compensated 
for, normal protein production may resume. The ideal curve for this 
would show a flat line at first, as target protein production is 
minimal, as the cell adapts to the increased stress levels, the target 
protein levels would increase. 

• If the stress is high, the cells would down-regulate target protein 
production and use all their cellular resources to counter the 
increased stress levels. The cell would not be able to divert resources 
from surviving the stress until it is reduced, and so the protein 
production level should be minimal. At this level of stress some cell 
death may occur, and it requires careful monitoring and repeated 
experiments to determine the exact levels of oxidative stress the cells 
can tolerate. 
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HPLC purificationtion
High performance liquid chromatography is a type of column 
chromatography. The sample to be analysed is mixed with a solvent and 
forced through various columns under high pressure. The analyte of 
interest is retarded by interactions with the stationary phase in the 
columns, and is eluted in a purified form. The purified samples can be 
examined for stress affects by MALDI-TOF MS. 

MALDI-TOF spectrometry
Matrix-assisted laser desorption/ionisation (MALDI) is an ionisation 
method for mass spectrometry. It allows the analysis of biomolecules 
and other organic molecules by measuring the mass to charge ratio of 
their constitutive ionic forms. The ionisation is triggered by a high 
powered laser. A matrix of crystallised molecules (such as sinapinic acid) 
is used to protect the target molecule from being destroyed by the laser 
beam and also to facilitate vaporisation and ionisation. The matrix must 
be low weight to allow for easy vaporisation but not low enough to 
evaporate in the preparation steps, it must be acidic to act as a proton 
source to encourage ionisation of the analyte, it must absorb UV 
wavelengths efficiently in order to effectively absorb the laser beam, and 
it must have polar groups in order to allow solvency in an aqueous 
solution. Changes in the recombinant protein due to oxidative stress 
may alter the resultant mass to charge ratios.

Arrays
Traditional gene analysis is carried out on a ‘one gene, one experiment’ 
basis, for example, in Northern and Southern blotting a gene of interest 
is labelled and hybridised to a filter containing total RNA from tissues 
of interest. The gene of interest then hybridises to whichever tissues it 
has sufficient homology to bind with. However arrays allow us to 
analyse from hundreds to tens of thousands of genes at a time in parallel 
with great accuracy and sensitivity. Arrays can come with hundreds of 
larger spots on a membrane (Macroarrays) or with tens of thousands of 
smaller spots (in the 100 micrometer diameter range) on a solid surface 
(Microarrays). Previous studies on stress responses with fluorescent 
cDNA arrays have shown interesting  and complex results (Amundson, 
1999). 
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Figure 4. Nylon Atlas™ rat stress macroarray with regulated gene spots 
highlighted.

The nylon Atlas™ rat stress macroarray has cDNA fragments from 216 
rat genes, 9 of them are housekeeping genes for comparison. These 
genes we assume to be conserved enough to provide accurate results 
with hamster mRNA. The genes that are picked for use on this array 
are all known to be involved in rat stress response, and the individual 
fragments are designed to minimise cross hybridisation. Stress gene 
macroarrays have been used to analyse mRNA sourced from human 
chondrocytic cells grown under hydrostatic shock (Sironen, 2002).

22



3! Experimental procedures 
! applied in the thesis
3.1   Cell lines
Three cells line were used over the course of the study:

• Initially, the engineered CHO cell line ATCC No: CRL-10154 was 
used. This cell line produces human macrophage colony stimulating 
factor (rh-M-CSF), also known as macrophage growth factor 
(MGF). The cells were grown adherently in T-flasks at 37°C and with 
5% CO2 in an incubator, using Alpha minimum essential medium 
with 2 mM l-glutamine (Invitrogen Life Technology, Sweden) and 1 
mM sod ium py r uva t e w i t hou t r i bonuc l eo s i d e s a nd 
deoxyr ibonucleosides supplemented with 200 nM MTX 
(Methotrexate) (Sigma, Sweden) and 10% fetal bovine serum. These 
cells repeatedly displayed low levels of product formation, slow and 
troubled growth and a propensity for infection.

• Subsequently, an engineered CHO cell line producing human 
interferon γ (IFN-γ) was used (ATCC No: CRL-8200). With the 
acquisition of these cells from the ATCC, a liquid nitrogen cell bank 
was set-up to improve storage conditions. A master cell bank for these 
cells was set up and stored in the liquid nitrogen. These cells displayed 
rapid growth and high levels of product production.

• Finally, a hybridoma cell line (ATCC No: HB-8902) was used. This 
strain is a mouse-mouse hybridoma producing immunoglobulin 
(IgG). The medium used with these cells was Iscob’s Modified Eagle’s 
Medium (IMEM) supplemented with 5% fetal bovine serum and 1% 
penicillin streptomycin solution (PeSt) (Sigma, USA). 

Chinese Hamster Ovary (CHO) cells were used because they are 
considered reliable and robust for the production of high value 
recombinant protein production. The CHO cells are well documented 
and their optimal growth conditions have been fine tuned over many 
years of experimentation. However a lack of knowledge about how the 
cells react to oxidative stress coupled with their importance to the 
lucrative pharmaceutical industry makes them a prime target for in-
depth examination of stress effects.  

23



CHO cells are routinely used to produce recombinant proteins that 
cannot be functionally expressed in prokaryotic cell culture since they 
have the eukaryotic capacity to produce proteins that may require some 
form of post translational modification, such as:

• Correct di-sulfide bond formation

• Proteolytic cleavage of inactive precursor

• Glycosylation (addition of sugar residues)

• Alteration of protein amino acids

• Phosphorylation

• Acetylation

• Sulfation

• Fatty acid addition

The CHO cells used were first evaluated with a macroarray system, the 
Atlas Nylon Rat array. The Atlas array uses nucleotide strings of 200 to 
600 base pairs in length. This length allowed for some deviancy in the 
sequence of nucleotides that would bind to the probe sequences on the 
array. In early experiments CHO cells were used with the Atlas Rat 
array, despite homology differences between the hamster and rat gene 
sequences, good levels of binding were observed. 

However when CHO cells were examined with the Affymetrix arrays, 
the resulting binding was poor. This was due to the much shorter 
lengths of the probe sequences (25 base pairs). Single base pair 
differences in rat and hamster gene sequences would now be enough to 
prevent binding. 

The final cell line used, the hybridoma cell line HB8209, would allow 
the use of Affymetrix mice arrays without homology problems.
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Storage and culturing conditions
Vials of cells were stored in liquid nitrogen (or in the case of 
CRL-10154, stored in a -80 ˚C freezer). Each vial contained one 
millilitre of cell suspension with 3-4 ⋅106 cells per millilitre. For re-
suspension the vial was thawed and 25 ml media was slowly added and 
the suspension added to a T-flask. Cells were maintained in a 37˚C 
incubator with 5% CO2 to maintain pH at 7. 

The day after re-suspension the cells were centrifuged at 200 rpm for 5 
minutes and re-suspended with fresh media. This was in order to 
remove dimethylsulfoxide (DMSO) from the cell suspension. Counting 
of the cells in T-flasks was made every day due to keep the cell 
concentration between 1 ⋅105 and 1 ⋅106 cells/ml. Media was refreshed 
three times per week.

Attached cells were removed from the T-flask with the protease trypsin. 
Trypsin was used at the supplied concentration, divided from stock 
flasks into 5 ml aliquots and stored in a -20˚C freezer. At the stock 
concentration 5 ml should effectively release attached cells from a T-
flask surface in less than 2 minutes. The cells were rinsed with PBS in 
order to remove the media (FCS present in the media interferes with 
the action of trypsin). 

Trypsin was added to the flasks and the T-flasks were observed with an 
inverted microscope, as the cells are affected by the trypsin they will 
pull away from each other and appear more spherical. Once the cells 
were ready for removal the trypsin was removed gently and fresh media 
was repeatedly washed over the surface of the T-flask to loosen the 
cells. They were then counted and sub-cultivated. 

3.2   Recombinant proteins
The properties of the recombinant proteins being produced by the cell 
cultures are not relevant to this study. It suffices that they represent a 
body of valuable recombinant proteins produced by mammalian cells in 
the pharmaceutical industry, and that experiments performed on the 
cells producing these target proteins will be well supported by a 
comprehensive matrix of equipment, tests, assays and a broad 
knowledge base. A brief introduction to each of the three recombinant 
proteins is given here for completeness. 
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Recombinant Human Macrophage Stimulating Factor         
(M-CSF) 
The protein is a cytokine which influences hemopoietic stem cells to 
differentiate into macrophages or related cell types. M-CSF binds to the 
macrophage colony-stimulating factor receptor. Eukaryotic cells also 
produce M-CSF in order to combat intercellular viral infection. The 
active form of the protein is found extracellularly as a disulfide-linked 
homodimer (Walter, 1992). 

Human Interferon Gamma (IFN-γ) 

Interferon is a cytokine first observed as an antiviral activity in cultures 
of Sindbis virus-infected human leukocytes stimulated by PHA 
(Wheelock, 1965). It is produced by eukaryotic cells in order to combat 
intercellular viral infection. It is also produced in response to various 
natural and artificial stimuli. Three well characterised members of the 
interferon family are alpha, beta and gamma. These peptides are 
produced in industry with the use of recombinant CHO cells. 
Eukaryotic cells are necessary to produce fully functional interferon as 
the most active form of the molecule is glycosylated, an action that 
prokrayotic cells cannot perform (Ganes, 1992; Houard, 1999). 
Interferons are perhaps the most studied members of the cytokines.

Immunoglobulin-G (IgG)  

The hybridoma cells (HB-8209) produce monoclonal antibodies 
(mAb) against erythropoietin (EPO), a glycoprotein hormone. EPO is 
instrumental in the stimulation of red blood cell production 
(erythropoiesis). It is produced in the liver or kidney and acts as a 
cytokine in the blood marrow (Fountoulakis, 1995).

26



3.3.   Methodologies for analysis of cells and 
purification and analysis of recombinant protein
Lyophilisation 
Lyophilisation is a dehydration process used to preserve samples (in this 
case media samples in order to check the levels and quality of 
recombinant protein produced). The samples are frozen and then the 
surrounding atmosphere is vacated to a pressure of a few millibars. As 
the heat slowly increases the liquid phases of the sample sublimate away 
leaving only the solid phases.  

The samples of media were put into plastic centrifuge tubes and the lid 
was removed. Plastic wrap was used to seal the tube and it was then 
perforated multiple times with a pin. Wooden thongs were used to 
place the tubes into a container of liquid nitrogen for three to four 
minutes for volumes of 20 millilitres. The larger the volume, the longer 
the sample must be submerged. If it is not cooled enough then some 
material will not be cooled to below the eutectic point, which is 
necessary for sublimation to occur. Liquids will form and the samples 
will be damaged. 

The samples are placed in a flask and placed into the rubber bungs of 
the freeze dryer. After the seals are checked the tap is opened very 
slowly and the samples are left overnight to dehydrate. The samples 
foam to many times their initial volume as the liquids are sublimated, so 
it is important to use oversized tubes to contain the samples.

Trypan blue exclusion viability test
Cell viability is measured with trypan blue staining. The trypan blue 
exclusion method is a very common method to distinguish viable from 
non-viable cells. Only non-viable cells allow the dye to cross their 
membranes, although viable cells also are dyed blue if left with the stain 
for too long. Another problem with trypan blue is that serum proteins 
adsorb it easily, so cells grown in complex media will have more 
background interference while being counted. 

The procedure for using trypan blue is well documented, cells are 
diluted to a suitable concentration and then trypan blue is added to the 
media. Then viable and non-viable cells are counted with the aid of a 
haemocytometer and the percentage of viable cells is determined. The 
Trypan Blue was prepared with 0.4 g Trypan blue stock powder 
dissolved in 80 ml of PBS, this solution was brought to slow boil and 
then cooled to room temperature, the volume was then made up to 
100 ml with PBS.  
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Figure 5.  CHO cells stained with Trypan blue at high magnification. 

ELISA
The cells to be experimented on were taken from a near confluent T-
flask, they were counted and checked for good viability (90% or 
greater). 1 ⋅106 cells were used to seed each well of a 6-well plate. The 
volume in each well was 4 ml of fresh media. After 24 hours the wells 
were near confluent, the media was removed and the wells were rinsed 
with PBS at 37 ˚C. 4 ml of fresh media was added along with the 
reagents to be tested. 50 µl samples of media were taken each 30 
minutes. After six hours the cells had their viability checked. The first 
experiment was designed to examine how oxidative stress on 
recombinant CHO cells affects their production of M-CSF. 

In order to do this, cells were carefully homogenised and divided into 
small samples and exposed to a chemical stressing agent (for example 
menadione in ethanol). A control is provided both by cell aliquots that 
were not exposed to a stressor, and to cell samples that were exposed 
the carrier (ethanol) only. Samples of media were then taken regularly 
every hour, for three hours after the exposure. The ELISA test is 
performed on these samples to ascertain the levels of M-CSF. In future 
iterations of this experiment the cellular RNA would be extracted in 
order to analyse the genetic activity of cells under stress. The analysis of 
cellular RNA is something that would be performed once the 
experiments had been finalised and enough ELISA results had been 
obtained.
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At first 10 ml aliquots of cells were taken directly from the spinner 
flasks, exposed to the stressing agent, and then incubated in 15 ml 
centrifuge tubes. Samples were taken at the beginning of the 
experiment, and at hourly intervals during the experiment. Samples 
were spun down and moved to new eppendorfs to remove the cells, 
and then kept refrigerated until the ELISA test was performed. The 
maximum concentration used was 5 µl menadione solution per ml. 

This was the concentration that caused little visible cell death after one 
hour of exposure in previous 1-hour viability tests. However viability 
tests performed at the end of the 3-hour experiment showed 
approximately 50% cell death. If the levels of menadione were enough 
to cause any noticeable cell death, then the results from the experiment 
are worthless, as cell aliquots exposed to such levels of menadione will 
have lower M-CSF production, not from stress induced gene 
regulation, but from the fact that the cells are not viable. The maximum 
amount of M-CSF used should not cause any noticeable increase in cell 
death by the time the experiment has been completed. 

The maximum concentration of menadione used was therefore to be 
halved for the next experiment, and 20 ml of cells were to be used in 
T-flasks instead of 10 ml in centrifuge tubes. In the second series of 
experiments, sample sizes were increased and so T-flasks were used 
instead of centrifuge tubes. In order to make the concentrations of M-
CSF produced during the course of the experiment more pronounced, 
large amounts of cells were spun down and re-suspended in fresh 
media. This re-suspension in fresh media may also have an affect on 
how the cells responded to the stressing agent. 

Super Oxide Dismutase (SOD) is an extremely stable protein produced 
by the cell to protect from oxidative stress. It is very resistant to 
proteases and therefore can build up over time in the cell culture. By 
re-suspending the cells in new media this protection is lost and the 
stressor may have a more profound impact than if the cells were in 
older media. (Forman, 1973, Malinowski, 1979). The levels of M-CSF 
in the samples of this experiment were approximately 30 times lower 
than in the first experiment (obviously due to the re-suspension in 
fresh media), so the ELISA test had to be repeated to compensate for 
the reduced levels. The maximum concentration for the menadione 
solution was now 2.5 µl per ml, and this adjustment resulted in no 
appreciable cell death over the control (even after 3 hours of exposure). 
An optimal maximum concentration of menadione for use in these 
experiments had now been found, but more experiments would have 
to be performed to find the minimum amount of MCSF that had an 
effect on the cells. 
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The relative variation between the MCS-F levels produced by stressed 
compared to unstressed cells was still too small to allow for 
experimental error (as the deviation between ELISA test results from 
multiple examinations of the same sample were occasionally quite 
large). An example of an ELISA result where two samples 
(‘Menadione’ and ‘Control’) have been analysed in duplicate, and the 
variation between the duplicated samples is often greater than the 
variation between the two different samples. In the next test, in order 
to increase the levels of target protein being produced and so reduce 
experimental error, the volume of cells was increased to 25 ml. Each T-
flask was filled with an aliquot of 25 ml newly re-suspended cells, and 
then incubated for one hour to allow the cells to acclimatise themselves 
to the T-flask. After one hour the cells were exposed to the samples of 
menadione, and then samples were taken for 3 hours. 

The next experiment was performed to try and ascertain the minimum 
level of menadione needed to alter the production of M-CSF. T-Flasks 
with 25 ml of cells in fresh media were used again, and the lowest 
concentration of menadione used was 0.02 µl. Again the levels of M-
CSF produced was not sufficient to give absolutely certain results when 
experimental error was taken into account (even though the samples 
taken were not diluted, the concentration of M-CSF in the samples was 
far below the optimal concentration for the M-CSF ELISA test kit, 
leading to imprecise results). 

However multiple averaged results showed cells exposed to 0.02 µl of 
menadione solution per millilitre closely matched the control samples 
in M-CSF production, while each sample with a successive increase of 
menadione (0.1, 0.5 and 2.5 µl per millilitre) gave successively lower 
M-CSF levels. This conforms to how the cells should react, but to be 
certain the amounts of M-CSF being produced need to be increased to 
ensure the variation inherent in the ELISA analysis is as insignificant as 
possible. This was to be achieved by taking 200 ml of cells from Spinner 
flasks, and re-suspending them in only 120 ml of media, thereby getting 
a far higher number of cells in the media volume to produce M-CSF 
with. At this point numerous problems had plagued the cells, lethargic 
and inconsistent growth rates, low levels of M-CSF production, and an 
unhealthy cell appearance. 

New cells direct from the ATCC replaced these cells. A line of CHO 
cells deficient in dihydrofolate reductase (DHFR-) that produced 
recombinant IFN-γ. These new cells, unlike the M-CSF producing 
cells, grew in an attached fashion. 
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ELISA protocol  
The experiment is designed to examine, the effects of various chemical 
stressors on recombinant protein production by means of exposure of 
the cells to the stressor, and subsequent analysis of the cells media with 
ELISA to map the recombinant proteins concentration over time. 

• The cells were grown to 50-80% confluency in T-flasks.

• The cells were removed by trypsinisation and all the cells are mixed 
in fresh media by pipetting to form a homogenous solution. 

• The solution is divided into equal parts and put into new T-flasks, 
and incubated for 24 hours to allow the cells to become well 
attached. 

• The media is removed and the cells are quickly rinsed. Fresh warm 
media is added with the corresponding concentration of stressor. 

• The cells were incubated for 6-8 hours. Samples are taken initially 
when the media is added and every half hour thereafter. Samples 
should be as small as possible to ensure that the total volume of the 
cell’s media does not change too much over the course of the 
experiment. The samples are centrifuged to remove cellular debris 
and stored in a refrigerator until they are examined by ELISA.

• After the final samples have been taken, the cells were examined with 
Trypan blue in order to ensure that the cells that have undergone the 
highest levels of oxidative stress have not suffered higher levels of cell 
death than the control group. This makes certain that the varying 
concentrations of recombinant protein being produced have variance 
due to varying levels of oxidative stress, and not due to outright cell 
death. 

This final protocol has been used several times, and shown consistent 
and reproducible results. The IFN-γ producing cells grow much faster 
than the previous cells, and the accuracy of the ELISA test (whether 
due to increased protein production or a more sensitive antibody for 
IFN compared to M-CSF) was vastly increased. 

ELISA Kits

As the recombinant proteins were changed along with the cell lines, 
three separate ELISA kits were used to target rh-M-CSF, IFN-γ and 
anti-erythropoietin IgG respectively. 
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rh-M-CSF ELISA 

The plates were prepared by transferring 100 µl of capture antibody 
(R&D systems UK) dissolved in PBS into each well. The entire 96 well 
plate was then sealed and incubated overnight at room temperature. 
After this incubation period each well was aspirated and washed with 
wash buffer three times. 200 µl of wash buffer was used with great care 
taken to fully aspirate the wells after each wash step. Finally the plate 
was blotted dry and  200 µl PBS with 1% BSA, 5% sucrose, and 0.05% 
NaN3 was added to each well to block them. The plate was then 
incubated at room temp for one hour. A serial dilution of the samples 
and standards was prepared, and 100 µl of the diluted preparations was 
added to each well. The plate was mixed by gently tapping the plate 
frame for 1 minute. It was then covered with adhesive strip and 
incubated for one hour. After this time the plate was washed in 
triplicate as above. 100 µl of biotinylated detection antibody HRP was 
added to each well and the plate covered with a plastic strip and 
incubated for two hours. The plate was again washed in triplicate, 100 
µl Streptavidin HRP detection antibody was then added to each well, 
the plate was covered with a strip and incubated for twenty minutes.  
After another triple wash step 100 µl of substrate solution was added to 
each well and the plate was incubated for thirty minutes at room 
temperature, taking care to keep it out of strong or direct light. Finally 
50 µl of stop solution was added to each well and the plate was gently 
tapped to ensure good mixing. Optical density was determined within 
30 minutes at 450 nm (with error correction set to 570 nm).

IFN-γ ELISA 

A kit from Quantikine (no. DIF50) was used to measure levels of IFN-γ 
produced. The immunoassay is a five hour, solid phase, quantitative 
sandwich enzyme immunoassay kit designed to measure IFN-γ levels in 
cell culture supernates, serum, and plasma. It contains E. coli expressed 
recombinant human IFN-γ and antibodies raised against the 
recombinant factor. A polyclonal antibody specific for IFN-γ was pre-
coated onto a 96 well ELISA plate. Standards and samples were pipetted 
into the wells and any IFN-γ present was bound by the immobilised 
antibody. After a wash step to remove unbound substances, an enzyme-
linked polyclonal antibody specific for IFN-γ was added to the wells. 
Following a wash to remove any unbound antibody-enzyme reagent, a 
substrate solution was added to the wells and colour developed in 
proportion to the amount of IFN-γ bound in the initial step. The 
colour development was stopped with a stop solution and the intensity 
of the colour was measured with an ELISA plate reader. 
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IgG ELISA 

The 96 well ELISA plate (Roche, Germany) was coated with 50 µL of 
the capture antibody, anti-mouse-Fcγ. The plate was then incubated for 
30 minutes at room temperature under gentle agitation. They were 
then washed three times with detergent wash solution containing 0.1% 
Tween 20 and 0.9% NaCl. They were then blocked with 200 µL of a 
peptide blocking reagent for 15 minutes with agitation. The plates were 
again washed three times with wash solution. The IgG standards were 
then diluted to obtain concentrations from 1000 ng/mL to 6.25 ng/
mL. The samples were also diluted with to ratios of 1:100 and 1:200. 
The standards and samples were added to the ELISA plate wells in 
aliquots of 50 µl and incubated at room temperature for 30 minutes 
with agitation. 50 µl of blocking reagent was added to the blank wells. 
The wells were then washed three times with wash solution and 50 µL 
of conjugate solution (anti-mouse κ-POD and anti-mouse λ-POD) was 
added to each well at a 1:200 dilution and incubated for 30 minutes 
with agitation. 50 µl of alkaline phosphatase substrate was then added 
to each well and the plates was again incubated for 30 minutes at room 
temperature with agitation. The absorbance was measured at 405 nm 
with a microplate reader. 
HPLC purification

The Äkta HPLC/FPLC (Fast Protein Liquid Chromatography) system 
was used to purify the IFN-γ produced by the CHO cell line 
CRL-8200. 10 ml of culture media was freeze dried overnight in 50 ml 
centrifuge tubes and dissolved in 5 ml of binding buffer. 

The concentrate was filtered with a 0.45 μm filter, and then pumped 
through several GE Hitrap desalting columns (packed with G-25 
Superfine Sephadex) which rapidly desalted the sample.

The sample was then pumped into the GE Hitrap blue HP column. 
The Hitrap column is filled with blue sepharose and is designed to 
purify interferons (also albumin, enzymes such as NAD+/NADP+, 
coagulation factors and related proteins). The matrix in the Hitrap 
column is cross-linked spherical agarose (6%), and the active adsorbent 
(Cibacron Blue F3G-A) is covalently attached to the matrix via the 
triazine part of the dye molecule. Interferon is bound to the dye by 
electrostatic and hydrophobic interactions with the aromatic anionic 
ligand. The binding buffer used was 20 mM sodium phosphate at pH 
7.0, and the elution buffer was 20 mM sodium phosphate with 2 M 
NaCl at pH 7.0. 

33



The columns are supplied flushed with preservatives and so they are 
equilibrated with 10 column volumes of binding buffer before first use. 
The pump rate used was 2.5 ml/minute, and 10 column volumes of 
binding buffer was pumped through the column after sample 
application to fully flush unbound substances away. 5 column volumes 
of elution buffer were then used to elute the bound proteins and this 
analyte was then desalted.

MALDI-TOF spectrometry
The protein of interest was isolated and purified (in this case by 
HPLC). It was then desalted and a 2 µl sample is cleaned further by 
means of zip tips. Zip tips are pipette tips with a 0.5 µl volume of 
immobilised carbon chain chromatography media, which bind proteins 
and allow for rapid washing steps before elution. The zip tips are 
marked with C-numbers to indicate the length of the chains, with 
longer chains binding more strongly to the proteins. For IFN-γ 
purification C4 tips were used.

The zip tip carbon chains are hydrated by flushing them with 
acetonitrile (ACN) 5 times. Then a sample of 0.2% trifluoroacetic acid 
(TFA) is taken up. This step is necessary as the carbon chains are bound 
to a silicone support and some of the carbon chains may have broken 
off, leaving a silicone oxide anion which would covalently bind the 
proteins and prevent their elution, the TFA prevents this from 
occurring. The samples were slowly pipetted ten times, allowing the 
proteins to bind. The tip is washed by taking up 0.2% TFA five times, 
rinsing away any leftover salts or detergents from the sample. Finally the 
sample is eluted with a 1:1 mixture of 0.2% TFA and ACN.

0.8 µl of the samples were then mixed with an equal volume of the 
matrix solution (in this case we used sinapinic acid). The organic phase 
dissolves any hydrophobic molecules present and the aqueous phase 
allows for hydrophilic molecules to do the same. A 2 µl aliquot of the 
solution is then spotted onto a MALDI plate. The two solvent phases 
evaporate leaving the re-crystallised matrix with the target molecules 
co-crystallised throughout the crystals. The MALDI plate is then 
introduced to the high vacuum of the mass spectrometer. 

The laser was then pulse-fired at the crystals, ionising the matrix and 
analyte. The time-of-flight analyser separates the ions according to their 
mass-to-charge ratios (m/z) by measuring the time lapse as the ions 
traverse the mass spectrometers tube. It is important to note that non-
covalent bonds will most likely be broken by the laser, so multimers 
will most likely be split into monomers and fly solo. As IFN-γ is a 
dimer this may be a problem, and can be countered by using EDTA to 
cross link the dimers.
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Arrays and RNA isolation
RNA isolation was carried out with a Qiagen RNeasy Mini kit. 3-4 
⋅106 cells were taken and pelleted by centrifugation, the pellet was then 
fully aspirated. 350 µl of RLT was added and the pellet was vortexed. 
The lysate was then homogenised with Qiagen ‘Qia-shredder’ 
homogenising tubes by centrifugation for 2 minutes. 350 µl of 70% 
ethanol was added and mixed. The solution was added to an RNeasy 
column in a 2 ml tube and centrifuged for 15 seconds. 

The flow-through was discarded and 700 µl of RW1 was added for 
another 15 second centrifugation step. The column was placed in a new 
collection tube and 500 µl of RPE was added before a third 15 second 
centrifugation step. 

Finally a second 500 µl aliquot of RPE was added and the tube 
centrifuged for two minutes. The column was placed in a RNAse free 
eppendorf and 30 µl of water was added to the column membrane. This 
was centrifuged for one minute and the RNA eluate was then stored at 
-70 ˚C. The RNA quality was determined by analysis with the Thermo 
Fisher nanodrop nucleic acid analysis machine, this machine offers high 
quality results from sample sizes as small as 1 µl.
Macroarrays - mRNA isolation

Methods for using macroarrays are well documented and outlined by 
the manufacturers. mRNA is isolated from stressed and control cells by 
precipitation with iso-propanol. DNA is removed from the sample with 
DNAse, and then the mRNA is bound with biotin-oligonucleotides. 
The mRNA is separated from the rest of the total RNA by use of 
streptavidin para-magnetic particles. PCR is performed with RTase 
(reverse transcriptase), which yields cDNA targets, labelled with p32 
(radioactive phosphorous). After the probes are purified by column 
chromatography, they are hybridised to the macroarray overnight. The 
array is then exposed to x-ray film and analysed.

Atlas™ macroarray Methods for using macroarrays are well 
documented and outlined by the manufacturers. mRNA is isolated 
from stressed and control cells by precipitation with isopropanol. DNA 
is removed from the sample with DNase, and then the mRNA is 
bound with biotin-oligonucleotides. The mRNA is separated from the 
rest of the total RNA by use of streptavidin para-magnetic particles. 
PCR is performed with RTase (reverse transcriptase), which yields 
cDNA targets, labelled with p32 (radioactive phosphorous). After the 
probes are purified by column chromatography, they are hybridised to 
the macroarray overnight. The array is then exposed to x-ray film and 
analysed (see Figure 6 below).
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Figure 6. A brief overview of the protocol for analysing mRNA with the Atlas™ 
macroarray.

Microarrays
Microarrays are small, solid (often glass) supports onto which the 
sequences from tens of thousands of genes are immobilised by 
covalently attaching them to a chemical matrix. As with macroarrays 
they are used for expression profiling, to monitor the expression levels 
of the genes.

The microarrays used in this instance were Affymetrix arrays, and with 
this type of array the oligonucleotide probes are in fact synthesised 
directly on the glass support by means of photolithography. With 
microarrays the probe length is much shorter than with macroarrays, 
ranging from 60-mer probes with Agilent arrays to 25-mer probes with 
Affymetrix. This results in a higher stringency in probe binding.

Data normalisation is an important requisite for array work, as even on 
a single chip variations can show differences of several orders of 
magnitude between multiple probes for the same gene (Wu, 2001; 
Nadon, 2002; Leung, 2003; Kim, 2004; Larkin, 2005; Hu, 2006). 
Normalisation is carried with the Robust Multichip Average (RMA) 
method with the statistical language R. (Bolstad, 2003; Rafael, 2003).  
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Microcarriers
The majority of mammalian cells require attachment to a surface in 
order to survive and grow. The MCS-F producing cells had been 
modified for growth in suspension, however the IFN-γ producing cells 
had not and so were grown in T-flasks where the cells could form layers 
on the plastic base of the flask. They were removed for experiments or 
redistribution to fresh T-flasks by trypsinisation. Growing cells in T-
flasks in industry is uncommon and other attached growth methods 
such as roller bottles or large plate surfaces are unattractive due to 
labour costs and variation between batches. 

One alternative method is to grow the cells on tiny beads known as 
microcarriers. The cells attach to these beads and grow on the surface. 
By using microcarriers the cells can be treated as if they were growing 
in suspension, and the microcarrier slurry can be grown in stirrer flasks 
and bioreactors. The cells may undergo some mechanical stress, as they 
are on the exposed outer surface of the microcarrier (Xiao, 1994). 

The CHO cell line CRL-8200 was grown adherently in T-flasks and 
the three stressors that had been selected for further study were used in 
stress experiments with T-flasks. However in order to also study the 
suitability of physical stress inducers (such as increased temperature 
levels, sparging rates, dissolved oxygen tension or shear forces from 
higher impeller rotation) it was decided to adapt this cell line to growth 
on microcarriers, which would allow the cells to be grown in a bench-
top bioreactor as if they were not adherent. Microcarriers are support 
matrices allowing for the growth of adherent cells in bioreactors. 
Carrier materials for cells may be composed by gelatine, porous glass, 
collagen or cellulose, with dimensions of 170 – 6000 µm. Common 
brands include Cytodex (Amersham) or Cultispher (Hyclone). 

For our purposes Cytodex 1 was chosen, Cytodex 1 is a cross-linked 
dextran matrix, substituted with cationic N, N-diethylaminoethyl 
groups which are distributed throughout the matrix. The cell line was 
quick to adapt to microcarriers and they were rapidly scaled up from T-
flasks to spinner flasks. The largest volume used was 250 ml with large-
scale spinner flasks from Corning. However it was decided to not 
continue with the scale-up to bioreactor. This was due to the added 
cost of the high volumes of media and due to the excellent results that 
were being obtained from the use of menadione as a stressor.

As the cells were being adapted to larger scale culturing, the stress 
experiments were also being miniaturised and performed in 6 well 
plates with volumes as low as 5 millilitres. This allowed for rapid 
throughput and multiple samples being run at a time. 
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The microcarriers are supplied dehydrated and must be fully hydrated 
before use. 100 ml Ca2+ and Mg2+ free PBS is used to soak each gram 
of Cytodex for at least 3 hours at room temperature. The supernatant is 
decanted and the microcarriers are washed for few minutes in fresh 
Ca2+ and Mg2+ free PBS. The microcarriers are then placed in fresh 
PBS and sterilised before use by autoclaving (115 °C, 15 minutes at 15 
psi). The microcarriers were introduced to a spinner flask with a cell 
density of 5 ⋅106 cells per millilitre, the stirring speed was set as low as 
possible while being sufficient to prevent the microcarriers from 
forming a sediment. After the cells had adhered to the microcarriers 
evenly the spinner speed was increased to 80 rpm. 

Figure 7. A photo of the CRL-8200 cells growing on a Cytodex-1 microcarrier.
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4! Results and discussion
The evaluation of the effects of oxygen stress by selected stressor 
substances was performed sequentially. Initially the effect of the stressors 
on cell viability was tested by Trypan blue exclusion. For those cases 
where the effect on viability was positively observed, culture media was 
isolated, purified, and the recombinant proteins were isolated and 
quantified by means of ELISA. When examining IFN-γ, the 
recombinant protein was isolated, purified and examined quantified 
also by means of MALDI-TOF spectrometry. Subsequently, the total 
RNA content of cells exposed to stress was extracted, purified and 
analysed by cDNA arrays. Finally the CHO cells were also adapted to 
grow on microcarriers, with the eventual aim of being able to cultivate 
them in lab-scale bioreactors, allowing for cell stressing through 
increased oxygen sparging, agitation rate and temperature level.

4.1   Stressor selection and exposure
The initial aim was to identify the concentration of stressor that would 
cause oxidative stress to the cells without overly affecting viability. The 
three stressing candidate agents selected for testing: - menadione, 
antimycin and mitomycin C - were exposed to cells from the CHO 
cell line CRL-10154 which had a viability greater than 90%. The 
stressor effect was studied for varying time periods (from 2 to 8 hours) 
and cell viability was then determined. The cell viability was only 
affected by high concentrations of antimycin and mitomycin C. 
However, menadione had a clear effect on the viability of cells and was 
therefore chosen to be the primary chemical stressor agent in the 
further studies. Table 5 and Figure 8 detail the results obtained. The 
mean viability is taken from twelve experiments performed in 
duplicate. The stressor concentration interval was chosen based on 
previous papers (Keyse, 1987;  Yoo, 1999; Pereira, 2003). The standard 
deviation was calculated from these experiments. 

 Table 5. Cell viability after 2 hour exposure to menadione.

Stressor level (µl/ml) Control 0.0625 0.125 0.25 0.375 0.5 1

Mean viability % 96.1 95 94.4 91.8 76.5 51.9 0
Standard Deviation 3.56 4.24 4.12 6.41 21.9 40.7 0

Confidence level % 93.3 81.2 90.2 86.6 31.4 31.8 100
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Figure 8. Graph of the effect of menadione at increasing concentrations on 
CHO cell viability.

Cells to the right of the graph in figure 8 obviously suffered from two 
shortcomings. The confidence of the observed viability data were 
moderate, and had a low reproducibility with a high standard 
deviation. The confidence in the data increases as higher menadione 
concentrations were applied (in the right part of the graph) and where 
viability dropped towards zero. Cells exposed to menadione levels 
below 0.25 µl/ml almost completely retained their viability (92% mean 
± 6%), whereas cells exposed to levels below 0.125 µl/ml had viability 
of 94% mean (compared to the control viability of 96%), with a 
standard deviation of only 4.1% (compared to that of the control, 
3.6%). 

Long-term exposed cells with a mean viability over 90% and a high 
confidence rating should reveal gene expression data that selectively 
highlight genes that are activated or deactivated in order to counteract 
continuous mild stress. Such effects are of particular interest in the 
perspective of using industrial cell lines for which viability needs to be 
kept high and cell stress on-set avoided. Similar results were obtained 
with two other cell lines, the CHO cell line CRL-8200 and the 
hybridoma cell line HB-8902, when exposed to menadione. For the 
cell lines CRL-8200 and HB-8902, these viability checks were 
repeated with near identical results. 
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4.2.   Analysis of effect on expression of 
recombinant proteins
The ELISA results with the CHO cell line CRL-10154 showed huge 
variation within identical samples. When these cells were replaced with 
the cell line CRL-8200 the results improved dramatically. With 
CRL-10154 large samples were necessary as the ELISA kit needed 1/1 
dilution in order to have a signal in the optimal absorption spectrum. 
This required that samples taken from the T-flasks during the course of 
the experiment had to be at least 500 µl in size and so the media was 
reduced by 1 ml per hour. Over the course of a 6-hour experiment this 
would greatly affect the final results. 

However with CRL-8200 the concentration of the recombinant 
protein (IFN-γ) produced was much higher and very small samples 
were taken while still giving clear results in ELISA. In fact the levels of 
interferon produced were so high that the volume of media per flask 
can be increased to relatively high levels without reducing the 
concentration of IFN-γ to levels that would be below the minimum 
required by ELISA. This allows the relative variation imposed on the 
cellular environment by taking samples to be made much less 
significant. Not only can the samples be much smaller, but as the cells 
grow attached to the T-flask, taking media samples no longer runs the 
risk of reducing the cell count in the T-flasks. With the CRL-10154 
cells (which grew suspended in the media) and large samples taken, 
large deposits of cells were left in the base of the Eppendorf tubes when 
the samples were centrifuged, affecting the experiment’s accuracy. With 
the IFN-γ producing cells, only dead cells should be suspended in the 
media, and the occasional removal of some dead cells should not affect 
the productivity of the remaining cells. 

In order to compare the the viability effects on the cells expressing 
recombinant proteins (M-SCF, IFN-γ, mAb), withdrawn samples were 
analysed by ELISAs. The results are averaged from multiple experiments 
performed under identical culture conditions. 

Figures 9, 10 and 11 show graphically representations of the data. 
Increasing menadione concentrations reduced the expression of M-
CSF significantly. The ELISA absorbance values taken at the beginning 
of the experiment for all samples were normalised to the origin as these 
samples were taken from the homogenised re-suspended cell culture 
before the addition of the stressor and had equal levels of recombinant 
protein. The results were then graphed and are show on the following 
page (figure 9). 
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These initial experiments with CRL-10154 cells showed a decrease in 
the rate of production of the target proteins by stressed cells when 
compared to a control, the decrease varying according to the cells had 
been exposed to the stressing agent. This conformed to the expected 
results, although the difference in quantitative terms was not as 
significant as expected. The cells also grew comparatively slow and had 
low levels of recombinant protein production whether they were 
stressed or not.

  

Figure 9. CHO cells producing M-CSF showing the decrease in target protein 
production when exposed to the stressing agent menadione.

Figure 10. CHO cells producing IFN-γ were examined thoroughly, and showed 
clear and easily reproducible results, both low and high levels of the stressor 
caused a clear and reproducible decrease in recombinant protein production 
compared to the control. 
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The CRL-8200 cell line producing IFN-γ was a marked improvement 
over the M-CSF producing cell line. They grew rapidly and had a 
healthy, rounded appearance under examination by light microscope. 
They had high levels of viability (consistently over 90%) and produced 
high levels of IFN-γ. The mean results showed a clear difference in 
protein production levels from initial exposure. Two batches of cells 
were examined under stress imposed by exposure to two levels of 
menadione, and their productivity then compared to a third control 
batch. The control batch is the uppermost line, and the two lower lines 
correspond to batches of cells that were treated with 0.1 and 2.5 µl of 
the menadione solution per millilitre of media. The control batch 
shows a steady rate of production of IFN-γ from the beginning of the 
experiment until 3.5 hours later. At this point the levels seem to level 
off with a slight upturn at 5.5 hours. The cells exposed to 0.1 µl/ml 
menadione showed little productivity until 2 hours into the 
experiment, from which point onward they showed a similar rate of 
production of IFN-γ as the control cells. The heavily stressed cells, 
exposed to 2.5 µl/ml menadione, showed no activity until 3-4 hours 
into the experiment, whereupon they then showed a high level of 
protein production which leveled out after one hour. 

The results correspond to what would be expected from cells under 
optimal conditions, cells exposed to a moderate stress and cells exposed 
to heavy stress respectively. The curve of protein production for cells 
exposed to 0.1 µl/ml menadione matches closely that curve drawn up 
on Figure 3 for cells exposed to a moderate stress, where the cells are 
exposed to stress levels that demand a temporary down-regulation of 
protein production while the cell up-regulates stress handling proteins 
such as HSPs. After this initial adaptation the protein production is the 
produced to levels similar to those shown by the control batch of cells. 
The cells exposed to 2.5 µl/ml menadione also correspond to this 
curve, with a longer adaptation period of three hours before any 
increase in the concentration of the recombinant protein begins to 
appear in the samples. The hybridoma cell line was adopted for the 
purpose of being able to use Affymetrix mouse stress arrays, and was 
not as closely examined with ELISA as the IFN-γ producing CHO cell 
line (CRL-8200). The experiments performed were done in order to 
confirm that these cells also had their recombinant protein production 
rates retarded by the addition of stressor in much the same way as the 
CHO cells. The results graphed above clearly show they were affected, 
as each batch exposed to successively higher levels of oxidative stress 
shows correspondingly lower rates of recombinant protein production. 
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Figure 11. Hybridoma cells producing IgG showing a moderate decrease in 
protein production at low levels of stressor while high concentrations severely 
limits the production.  

4.3.   MALDI-TOF mass spectrometry analysis of 
stress effects
MALDI-TOF mass spectrometry (MS) was used to further verify the 
expressed proteins from the stressor studies above. The peaks in the 
spectrograms from a MALDI-TOF MS represent on the x-axis the 
time-of-flight of the fragments of the injected sample and on the y-axis 
the peak intensity as a result of the mass at the particular time-of-flight. 
Increased time-of-flight is generally due to a higher mass. Peaks can 
occasionally appear multiple times as the same fragment particles with 
multiple charges differ integrally in their time-of-flight. This is often 
identifiable as the peak heights are usually one quarter of the height of 
the singly charged molecule. Protein peaks are also often craggy and 
not well defined, as their sodium atoms can vary in charge and alter the 
flight time.
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Figure 12. MALDI-TOF MS results from a serum-free media (light grey), and a 
media with low FCS (black). Both were purified with the Äkta HPLC system 
and measured in a sinapinic acid matrix. 

Figure 13. Cell Media was examined without purification besides those 
inherent in the MALDI-TOF protocol, with unusable results. 
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Initial results from the MALDI-TOF MS were inconclusive, as there 
was no purification performed. Background noise from the many 
proteins found in complex animal cell media hid the expected peak at 
14-16,000 that IFN-γ was expected to have (Figure 13). MALDI-TOF 
MS is not suited to analysing complex samples with many molecules of 
similar m/z values, and further purification would be needed. With a 
single purification step using a Sepharose column (Hi-trap blue, GE 
Healthcare) in a HPLC system, three peaks became visible (Figure 14). 
One was at 15,000 m/z corresponding to the expected results 
molecular weight for IFN-γ, which was around 15,000 kDa, with an 
estimated m/z of 15,652 (Hurst, 1999). The second and third peaks 
were at 33,600 and 66,800, and appear to corresponding to the 
molecular weight of albumin (65,000 kDa), found in very high 
concentrations in complex media. This is corroborated by the fact that 
the Hi-trap blue gel columns selectively bind both interferon and 
albumin. The albumin could be removed by either adapting the cells to 
growth in simple media without added fetal bovine serum (FCS), or by 
removing the albumin by means of ionic chromatography.

Figure 14. Cell media with a HPLC purification step gave improved results, 
although the highest peak was not the protein of interest. 

46



Ion-exchange chromatography would result in a high purity of the 
IFN-γ, however, before the ionic chromatography protocol was 
finalised, it was decided to run a sample of media from cells grown with 
low levels of FCS in order to ensure the other peaks did correspond to 
albumin.

Samples from cells grown in media with only 5% FCS added were 
analysed after purification with Hi-trap columns, these cells were only 
placed in reduced FCS media for the duration of the exposure to 0.5 
µl/ml menadione, and cell viability was not noticeably different from 
the control (cells exposed to 0.5 µl/ml menadione in 10% FCS media).

The peaks at 33,000 and 66,000 m/z have been noticeably reduced, 
and the peak of interest at 15,000 m/z now appears clearly (Figure 15). 
There is another peak at 8580 m/z, which could correspond to 
fragments of the IFN-γ or albumin crystals, fragmented by the laser in 
the MALDI-TOF MS, or perhaps some other protein from the media 
serum that was not removed by the HPLC purification. 

Figure 15. Cell media with low levels of FCS and purified with HPLC showed a 
reduced peak for what is assumed to be albumin, and a relatively higher peak 
for the peak that corresponds to IFN-γ. 
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Figure 16. A composite from two separate MALDI analyses of IFN-γ taken 
from stressed (with a peak at 14,964 m/z) and control (with a peak at 15,822 
m/z) cells. 

Finally samples of purified IFN-γ taken from stressed (0.5 µl/ml 
menadione for 2 hours) and unstressed cultures grown under 
conditions of low FCS were analysed (Figure 16).
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Figure 17. A sample of media with 10% FCS was analysed with the MALDI-
TOF system, showing the 66,000 m/z (and 33,000 m/z) peak as certainly 
coming from the media and most probably being the albumin present in FCS. 
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4.4   Microarray analysis
After data normalisation, the results showed a few stress related genes 
with a significant variation in expression between the stressed and 
control arrays. The variation in expression for a transcript between the 
control (baseline) and experimental array is given as a Log2 ratio. So an 
increase of log2 ratio 1 means a 2-fold increase in expression. P-values 
for the significance of the detection call and of the change call are also 
given.  

 
Table 6. A list of significant genes shown to be regulated under stress.

Gene Increase P-value 
detection

P-value 
change

Rat HSP40 homolog, DnaJ  homolog, subfamily A, 
member 2 (Dnaja2) (R.norvegicus)

0.8 0.002 0.0003

STI13 (suppression of tumorigenicity 13 (colon 
carcinoma) (Hsp70 interacting protein)

1.2 0.004 0.0002

Cyclin-dependent kinase 4 (Cdk4) (R.norvegicus) 0.7 0.014 0.002

DNA-damage-inducible transcript 1 (Gadd45a) 
(R.norvegicus)

1.1 0.002 0.001

Peroxiredoxin 1 (Prdx1) (R.norvegicus) 1.7 0.002 0.001

Peroxiredoxin 2 (Prdx2) (R.norvegicus) 0.7 0.011 0.001

Peroxiredoxin 6 (Prdx6) (R.norvegicus) 0.8 0.014 0.001

Epoxide hydrolase 1 (Ephx1) (R.norvegicus) 1.3 0.019 0.002

ESTs, Weakly similar to ubiquitin-conjugating 
enzyme E2-17 KD 2 (R.norvegicus)

0.7 0.006 0.002

ESTs, Weakly similar to ubiquitin-conjugating 
enzyme E2D 2  (R.norvegicus)

0.8 0.004 0.001

Rat mRNA for polyubiquitin (four repetitive ubiquitins 
in tandem), complete cds

0.7 0.001 0.001
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Dnaja2 is a homolog to HSP40, which plays a role in the ATPase 
activity of HSP70. HSP70 binds tightly to the hydrophobic regions of 
partially synthesised or partially denatured proteins and prevents their 
aggregation. ST13 is also associated with HSP70, the protein product 
mediates the association of HSP70 and HSP90. 

Cdk4 produces a catalytic subunit of the protein-kinase complex that is 
linked to cell cycle G1-S phase progression.  

GADD45a, Growth arrest and DNA damage inducible-alpha, is a gene 
whose transcript levels show an increase during stressful conditions. The 
18kDa protein is thought to be involved in DNA repair, cell cycle 
control and apoptosis (Carrier, 1999;  Hollander, 2002;  Barreto, 2007).

Peroxiredoxins are a ubiquitous family of antioxidant enzymes, 
regulated by redox levels. Prdx1 and Prdx2 knockout mice suffer from 
severe haemolytic anaemia, whilst Prdx6 KO mice show an increased 
sensitivity to oxidative stress (Muller, 2007). 

Ephx1 belongs to a broad group of hydrolytic enzymes that catalyse 
epoxides, organic oxygen compounds arising from oxidative processes 
(Fretland, 2000).

Ubiquitin is a highly conserved protein of only 8.5 kDa, and is integral 
in the process of proteasomal degradation. It is key in the control of 
protein localisation, function and stability. Eight loci for ubiquitin, 
ubiquitin-like and ubiquitin associated genes were found to be 
significantly up-regulated in the stressed cells.  

Many of these genes are related to redox imbalance, and could 
conceivably indicate an up-regulation in response to the external 
oxidative stresses applied. However only a single array experiment was 
performed, and so further repeated array experiments would need to be 
run in order to give statistical weight to these findings. 

Bearing this caveat in mind, the pattern of up-regulated genes is an 
interesting one, as it highlights the possible reaction of a mammalian 
cell to oxidative stress. An increase in protein designed to handle DNA 
repair, cell cycle control, anti-oxidation, protein stabilisation and 
apoptosis.  
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Comparison with heat stress for the CHO cell line using 
macroarray analysis
In an early experiment the CHO cells were exposed to heat shock at 
42 ˚C for time periods of up to 90 minutes. The cells were lysed and 
total RNA was extracted and subsequently examined by means of an 
Atlas cDNA macroarray. 

The results clearly showed an increase in the expression of several 
stress-associated genes. The expression of cAMP-response element 
binding protein 1 (CREBP1), bcl-2-associated death promoter (BAD), 
ribosomal protein 30S_40S sub-unit (RPS30) and faux-ubiquitin-like 
protein FUBI increased constantly as the thermal stress exposure 
progressed. Other genes of interest that showed a clear up-regulation 
were GSHPX 1, COX 1 and cyclin D1, all of which are stress 
associated. 

Figure 18. Some key CHO cell genes and their regulation on a Nylon Atlas™ 
rat stress macroarray with regulated gene spots highlighted.

52



5. General discussion and 
Conclusions

5.1.   ELISA assaying
The results in this study have shown that menadione exerts oxidative 
stress on two CHO cell lines producing IFN-γ and M-CSF and on a 
hybridoma cell line producing a monoclonal antibody. It is evident 
from the cell viability results that menadione affects the cells in 
particular at higher concentration levels. The effects of the stressor were 
conserved across the three different cell lines. In the case of other 
stressors investigated – antimycin and mitomycin C -  the effects were 
similar but not as pronounced. 

In particular, the results from the ELISA clearly demonstrate that even 
when stress levels are low enough to have almost no affect on cell 
viability, recombinant protein production suffers proportionally to the 
degree of stressor insult. As evident from the dose-time graphs for the 
the menadione stressor, recombinant protein production over time 
matches quite well to the expected results, whereby low levels of stress 
cause a short-term cessation of production until the cell has adapted to 
the stress levels. Higher levels cause more stark reductions in protein 
production, and even at these levels the reduction in protein production 
by the entire culture cannot be accounted for by the modest drop in 
culture viability. 

A similar decrease in recombinant protein production in Aspergillus 
niger undergoing treatment with menadione was ascribed to a decrease 
in available energy for protein synthesis. Producing recombinant 
proteins is an energy intensive process for cells and menadione has been 
shown to decrease cellular levels of ATP (Harvey, 2002; Kreiner, 2002; 
Tiwari, 2002). This could be due to the activation of the alternative 
respiratory pathway which would reduce cellular generation of oxygen 
radicals (Bai, 2004). 

CHO cells were shown to have had little or no alteration in IFN-γ 
production rates when exposed to certain stressors (hydrogen peroxide 
or heightened oxygen concentrations) and the conclusion for CHO 
cells producing recombinant proteins was that, perhaps due to their 
long and careful selection process, they were very resistant to oxidative 
stress (Dunster, 1997). 
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However hydrogen peroxide has been shown to be of limited efficacy 
in inducing oxidative stress in mammalian cells despite having been 
found to cause heat shock response in Drosophilae cells (Akaboshi, 
1989). This is perhaps because of the fact that hydrogen peroxide is 
ubiquitous in mammalian cells, due to the roles it plays in the energy 
cycle, in the mitochondria and as a substrate in protein production. As 
such mammalian cells have developed highly efficient enzymes which 
break down hydrogen peroxide very rapidly. Catalase, for example, has 
one of the highest turnover numbers of all known enzymes, and the 
peroxiredoxin family of anti-oxidant enzymes has been shown to be 
heavily involved in the protection of mitochondrial DNA from 
exogenously added hydrogen peroxide (Banmeyer, 2005).  

These innate mechanisms in mammalian cells offer an extremely 
capable protection against hydrogen peroxide specifically. However the 
metabolism of redox cycling compounds, such as menadione, causes 
oxidative stresses that are not directly reducible by catalase, 
peroxiredoxins or sulfiredoxins.

The oxidative stresses bought about by menadione act particularly on 
macromolecules such as proteins, cytoskeletal structures and protein 
sulfhydryl groups (Bellomo, 1990), and lead to a dose- and time-
dependant decrease in cellular ATP levels (Chang, 1992). In this way 
menadione can bring about oxidative and resource stresses that would 
cause the observed reduction in protein production in cells that would 
not have incurred such an effect with exposure to hydrogen peroxide. 
As such, the assertion made by Dunster, (1997), that CHO cells selected 
for use in industry, by means of decades of selection, have been 
engineered to be resistant to oxidative stress, might be an overly general 
conclusion. 

CHO cells may, because of their selection and mammalian character, 
have excellent resistance to certain stressors, especially those which are 
ubiquitous in normal cell growth and metabolism, but may still 
undergo adverse reactions when exposed to stresses that can be 
considered unusual. The generalisation put forward, that oxidative stress 
might not be considered a significant problem in industry, would clearly 
be false if insults common to cells used in industry (e.g. physical stresses 
from agitation, bubbles, increased sparging and dead- or hot-spots in 
large-scale bioreactors) were not similar in their effects to hydrogen 
peroxide. 
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5.2.   MALDI-TOF mass-spectrometry
Damage to macromolecules in the cell from higher levels of ROS is a 
component of higher levels of oxidative stress that would not be 
revealed by monitoring the rate of production of recombinant proteins 
by means of ELISA. The accuracy of ELISA is limited to the binding of 
the paratope of the antibody to whichever specific antigenic 
determinant has been chosen for the test. Proteins that have an available 
epitope will test positively, regardless of damage to the structure of the 
protein, altered protein types, changes in tertiary or quaternary 
structure, changes in glycosylation, phosphorylation, sulfation or 
cleavage of precursors. Menadione and other super-oxide stressors can 
oxidise proteins with severe impacts on the quality of downstream 
product and protein functionality, without affecting availability and 
conformation of epitopes.

The MALDI-TOF MS test can easily show qualitative differences in 
proteins that simple quantitative immunoassays such as ELISA would 
miss. For example any change in the protein mass would be revealed, 
disclosing a mutant form or the presence or absence of a post-
translational modification. The disadvantage of analysis with MALDI- 
TOF MS is the low sensitivity and lack of specificity (relative to 
ELISA) which required many purification steps in order to obtain 
usable results. The calculated m/z for IFN-γ is estimated at 15,652 
(Hurst, 1999) although experimental data from that paper showed a 
peak at 15,163 m/z with no explanation for the discrepancy 
volunteered. Two results obtained with MALDI-TOF MS showed a 
peak at 14964 m/z with IFN-γ taken from a stressed culture (0.5 µl/ml 
menadione for 2 hours) and IFN-γ from a control culture gave a peak 
at 15,822 m/z (Figure 16). 

This variation is not within the same range of variation that had been 
observed with multiple examinations of stressed cell IFN-γ, which 
ranged from 14,935 to 14,964 m/z. Such a large difference is not 
attributable to normal experimental variation, and could be the result 
of altered post-translational modification or fragmentation/cleavage of 
the protein. The results from MALDI-TOF MS do show some odd 
aspects: the background noise is quite high, although this can most 
likely be imputed to the presence of FCS in the cell media, which has 
multitudes of proteins of many different sizes and conformations which 
would explain such a background. 
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Secondly, the peaks which we have attributed to IFN-γ do not have the 
characteristic craggy, sloping peaks proteins normally give (and which 
can be seen with the peak for albumin).  

Although hydrogen peroxide was found to cause heat shock response in 
Drosophilae cells, there is doubt that a similar response is induced in 
mammalian cells (Akaboshi, 1989). In experiments where human 
fibroblast cells were exposed to hydrogen peroxide for 2 hours, no 
induction of the major HSPs were detected, even at supra-lethal levels 
of 1 mM, hydrogen peroxide was found to be at best, a very poor 
inducer of heat shock response in human cells (Keyse, 1987). This may 
be due to the fact that catalase is widely distributed in mammalian cells 
(Weidauer, 2004).

Although many methods for inducing stress response have been 
documented over the years, very few of these experiments were 
performed on mammalian cells. Some chemicals that have provided 
admirable results with prokaryotic cells did not induce a worthwhile 
stress response in eukaryotic cells. Hydrogen peroxide and paraquat had 
documented results of excellent heat shock response induction in 
prokaryotic cells, but failed to elicit any heat stress protein induction in 
human skin fibroblast cells (Keyse, 1987). 

The results from the ELISA tests in this study conclusively show that 
even mild levels of oxidative stress can cause a decrease in recombinant 
protein production, even though cell viability levels might not indicate 
any problem. 

The array results also showed an up-regulation of mtHSP70, ORP150, 
Cu-Zn SOD, Mn SOD, AMPH and CPR. 

Several mechanisms for toxic stress have been suggested previously. For 
example, Crosby (2001) proposed a mechanism based on conclusive 
evidence for elaborating on strong mechanistic arguments for oxidative 
stress (figure 19). However, further investigations using the 
methodology and expression systems used here could have a potential 
for that purpose and provide industrially relevant understanding.
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