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Abstract: Studies in animals and humans link both physical and psychological stress with 

an increased incidence and severity of respiratory infections. For this manuscript we defi ne 

stress as the physiological responses an individual undergoes while adjusting to a continually 

changing environment. It is known that stressors of various types (psychological/physical) can 

alter the physiological levels of certain hormones, chemokines and cytokines. These alterations 

send information to the central nervous system to take necessary action which then sends 

messages to appropriate organs/tissues/cells to respond. These messages can either activate or 

suppress the immune system as needed and failure to compensate for this by the body can lead 

to serious health-related problems. Little is known how stress affects disease susceptibility, yet 

understanding this mechanism is important for developing effective treatments, and for improving 

health and food quality. The current review focuses on (a) the effects of psychological stressors 

in humans and animals, (b) various methodologies employed to understand stress responses 

and their outcomes, and (c) the current status of the attempts to correlate stress and disease with 

respiratory disease as model system. The methodologies included in this review span traditional 

epidemiological, behavioral and immunological studies to current high throughput genomic, 

proteomic, metabolomic/metabonomic approaches. With the advent of various newer omics 

and bioinformatics methodologies we postulate that it will become feasible to understand the 

mechanisms through which stress can infl uence disease onset. Although the literature in this 

area is limited because of the infancy of this research area, the objective of this review is to 

illustrate the power of new approaches to address complex biological questions. These new 

approaches will also aid in our understanding how these processes are related to the dynamics 

and kinetics of changes in expression of multiple genes at various levels.
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Defi nition of stress
Stress is a very broad concept and diffi cult to defi ne in a concise way to capture all 

its connotations. Greek philosopher Hippocrates perhaps was the fi rst to attempt to 

defi ne the word stress in terms of ‘balance’ which was conceived as an essential state 

of health and ‘disharmony’ which manifested as disease when perturbed.1 In the early 

20th century Hans Seyle proposed the general adaptation syndrome which provided 

the fi rst comprehensive biological theory of stress.2 In a veterinary context this was 

identifi ed as an abnormal or extreme adjustment in the physiology of the animal to 

cope with adverse changes in environment and management.3 Within the modern 

physiological context, internal balance as described by Hippocrates is recognized 

as homeostasis. The defi nition of stress is an evolving process and for this review 

we accept the defi nition of stress as the state of threatened balance, equilibrium, or 

harmony and threats to homeostasis are called stressors.1
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From the preceding discussion it is clear that stress 

can be defi ned in many different ways depending upon 

the objectives or perspective of the researcher. All these 

defi nitions, however, share a common component of adaptive 

physiological responses following challenges to homeostasis. 

The adaptive reactions to stressors may involve mobilization 

of a wide variety of physiological responses including the 

immune response. Stress responses usually include physical 

perturbations that can encompass either the entire body or 

specifi c cellular compartments. Considering the volume of 

work in various areas of stressors and their effects the main 

objective of the current review is to focus on one type of 

stress, which includes psychological stressors.

For our purposes, stress can be defi ned as a psychologically 

perturbing condition occurring in response to adverse external 

infl uences capable of affecting physical health. Transportation, 

fear (ie, fright and fl ight response), overcrowding and weaning 

in the form of social reorganization are a few of the important 

types of psychological stressors identifi ed in the literature. 

These stressors have been linked to many conditions including 

immune suppression, disease susceptibility, hypertension and 

reproductive dysfunctions.4–6 Stress is a major concern because 

it is ubiquitous, recurring in nature and has detrimental effects 

on health. In this review we will primarily deal with important 

psychological stressors and their infl uence on respiratory 

disease which is one of the most widely studied models.

Stress and disease
For many years, psychological stress has been shown to 

signifi cantly increase disease susceptibility.6,7 Until 20 years 

ago, researchers investigating the psychological factors 

contributing to human disease focused primarily on coronary 

heart disease and cancer and neglected studies on infectious 

diseases.8 However, interest in this area started to shift with the 

publication of evidence that psychological factors infl uenced 

immune function.9 Furthermore, there was an increasing 

awareness that stress and other psychological factors played a 

role in the onset and progression of acquired immunodefi ciency 

syndrome (AIDS).10 These studies demonstrated a signifi cant 

role for psychological stressors in compromising immunity 

and interest in the effects of stressors in other diseases 

was initiated. Considerable emphasis has been placed on 

respiratory diseases in understanding the onset and severity 

of the disease as a result of psychological stress.11

Viral–bacterial synergy
Increased risk of fatal bacterial respiratory infections following 

a primary viral infection has been observed in a wide variety 

of species. This phenomenon is called viral–bacterial 

synergy and was fi rst established following human infl uenza 

epidemics when a variety of secondary bacterial respiratory 

infections were associated with increased mortality.12 Studies 

have also linked a variety of psychological stressors with an 

increased incidence and severity of respiratory infections 

in humans13,14 and animals.15,16 It is known that respiratory 

disease has a huge economic impact in the areas of human 

health care, animal welfare and the food industry.17,18 To focus 

the review, we will restrict our discussion to research related 

to a comparative analysis of the effects of psychological stress 

on respiratory disease in humans and cattle.

Stress and viral infection
There are reports which have shown direct connections 

between stress and immune system function.19 Similarly, 

other studies have shown that social stressors could also 

increase the risk for upper respiratory infection.20 A viral 

challenge study provides the strongest evidence for a link 

between stress and susceptibility to the common cold.21 

Other studies have extended these results by considering a 

wider range of psychosocial factors.22 The effects of stress 

on health are often mediated by a number of psychological 

factors. Social support can often act as a buffer against 

the effects of stress as Cohen and colleagues showed that 

social support reduced viral replication rate and increased 

mucociliary clearance of infection.11,13 In another report, they 

examined the effects of stress and social support in a routine 

study of upper respiratory tract illnesses.23 Under low levels 

of stress, high levels of social support were associated with 

a decreased risk of infection, whereas social support had no 

effect when levels of stress were high.

A separate study was done to examine the associations 

between psychosocial factors (stress, social support, 

fl uctuations in mood) and viral exacerbations of asthma. 

The study involved naturally occurring illnesses rather than 

experimentally-induced infections but it maintained several 

important features of the methodology used by Cohen and 

colleagues.21,24 For example, stress was measured at the start 

of the study by measuring the immune responses in terms of 

leukocytes present in peripheral blood in order to determine 

the extent to which stress could predict subsequent illness. In 

addition, effects of personality,25 smoking status, and alcohol 

consumption21 were also studied as possible predictors of 

susceptibility to respiratory viral infections.

Before considering the effects of psychosocial factors 

on respiratory virus-induced exacerbations of asthma, it is 

essential to have strong evidence that these viruses play a 
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direct role in asthma. Until recently, it appeared to be only a 

weak association between asthma and upper respiratory tract 

infection in adults.26,27 The absence of a stronger association 

in these epidemiological studies of adult asthmatics could, 

at least in part, have been due to diffi culties in isolating 

human rhinoviruses and coronaviruses. Indeed, results from 

a study using enzyme-linked immunosorbent assays for 

antibodies to human coronavirus and semi-nested reverse 

transcriptase polymerase chain reactions for detections of 

rhinovirus suggested a stronger association between these 

viruses and asthma in adults.28 In summary, this study 

confirmed that psychosocial factors and health-related 

behaviors were associated with increased susceptibility to 

colds, which then led to an exacerbation of asthma. This 

conclusion was made in the context of a study where both 

diseases (cold and asthma) were verifi ed using objective 

measures. The well established buffering effect of social 

support was observed in the high stress group and possible 

confounders such as demographics, health-related behaviors 

or personality could not account for this effect. Alcohol 

consumption, personality and demographic factors were 

also shown to be important predictors of susceptibility. 

In contrast smoking was related to illness severity but not 

disease susceptibility. These results show that one must 

consider a range of psychosocial factors, personality traits, 

demographic factors, and health-related behaviors in stud-

ies of individual differences in susceptibility and severity 

of upper respiratory tract infections.

Stress and immunity
While studies have correlated stress-related behavior with 

disease susceptibility, research has also been performed 

to determine the immunological basis of the relationship 

between stress and disease. Exposure to viral agents that 

cause upper respiratory disease provokes illness in some 

individuals but not others. Moreover, the severity of 

clinical symptoms among those who develop illness can 

vary substantially. Evidence from prospective epidemio-

logical studies20,23,29 and from experimental viral-challenge 

studies21,30 show that individuals reporting greater psycho-

logical stress have both a higher incidence and a greater 

severity of illness. However, past attempts to identify the 

behavioral patterns and biological responses linking psy-

chological stress with upper respiratory viral illness have 

been unsuccessful.20,21,30

Other studies reported that psychological stressors 

acutely activate the production of interleukin-6 (IL-6), a 

pro-inflammatory cytokine. IL-6 release in response to 

infection is thought to be mediated by glucocorticoids, 

thus providing a hypothetical pathway by which stressors 

(via the induction of glucocorticoid production) could 

control cytokine release.31 In addition, IL-6 triggers addi-

tional release of glucocorticoids, possibly exacerbating 

the stress response through positive feedback. At least 

one source of IL-6 is epithelial cells as evidenced by their 

production of IL-6 in vitro and in vivo when exposed to 

rhinovirus.32 Because a local increase in the concentration of 

this pro-infl ammatory cytokine precedes the development of 

acute signs and symptoms of illness, it has been implicated 

as a mediator in the pathway for symptom expression. In 

fact, IL-6 concentrations in nasal secretions were associ-

ated with upper respiratory tract symptoms among persons 

infected with infl uenza A virus (A/Texas and A/Kawasaki) 

and rhinovirus (strain Hanks’ and type 39).13

Cohen and colleagues addressed the hypothesis that 

IL-6 production in response to infl uenza A virus infection 

represents a viable pathway through which psychological 

stress infl uences the severity of illness. To achieve that goal, 

they measured levels of psychological stress in a group of 

adult subjects before experimentally infecting them with 

influenza A virus. Self-reported respiratory symptoms, 

mucus weights, and local IL-6 concentrations were then 

measured on the day before and for seven days after virus 

exposure. The data collected supported the conclusion that 

the level of psychological stress predicts the severity of 

illness and also the magnitude of the cytokine response. The 

data were then examined for evidence that IL-6 mediated 

the association between stress and illness. These analyses 

suggested that most of the effects of psychological stress on 

clinical symptoms and mucus weights could be accounted 

for by changes in IL-6. However, it is possible that IL-6 itself 

is not the causal link but rather just a marker (covariate) 

for other pro-infl ammatory cytokines which were elevated 

during the course of experimental infection. For example, 

in another related study33 reported that interferon α and IL-6 

levels (but not tumor necrosis factor [TNF], IL-8, IL-1, or 

IL-2) increased early in the course of infection and both 

correlated with viral titers, increases in body temperature, 

mucus production and symptom scores. There is also an 

issue regarding the correlational nature of the mediational 

analysis. Although consistent with the hypothesis that the 

association between stress and illness was mediated by 

IL-6, the data do not permit causal inference. For example, 

this pattern of data is also consistent with increases in IL-6 

occurring in response to tissue damage associated with illness 

symptoms. Even with these reservations, this was the fi rst 
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study to provide evidence consistent with the hypothetical 

model that psychological stress infl uences upper respiratory 

infections through a biological pathway.13

Axes of stress response
There are two parts to the stress response: sympathetic–

adrenal–medullary (SAM) and the hypothalamic–pituitary–

adrenal axis (HPA). The HPA is the core stress axis in 

mammals and together with the SAM system co-ordinates 

response to the diverse range of stressors from psychological 

to physical. There is considerable interplay between both 

neuronal systems especially between the noradrenergic 

nucleus locus ceruleus which provides central regulation 

of the SAM and the parvocellular neurones which regulate 

the HPA. The SAM, by triggering catecholamine release, 

provides the acute stress response whilst the HPA governs 

longer term stress defence mechanisms. Together those 

systems regulate energy utilisation and metabolic activity 

throughout the body.34 The SAM system produces the 

immediate shock response by acting on the hypothalamus, 

which activates the adrenal medulla and the sympathetic auto-

nomic nervous system (ANS) (Figure 1). The SAM produces 

the “fi ght-or-fl ight” response which increases alertness, blood 

fl ow to muscles, heart rate, blood pressure, respiration rate, 

etc. and might decrease activity in the digestive system. 

The HPA system regulates release of the hormone CRF to 

activate the anterior pituitary and uses another hormone, 

adrenocorticotropic hormone (ACTH), to activate the adrenal 

cortex to release a group of hormones including cortisol 

(Figure 2). Cortisol and other glucocorticoid hormones 

have various effects such as conservation of glucose for 

neural tissues, elevation or stabilization of blood glucose 

levels, mobilization of protein reserves, conservation of salts 

and water, suppression of wound healing and the immune 

system. According to Seyle’s general adaptation syndrome 

(GAS) theory the general adaptation syndrome divides the 

stress response into three stages: Stage 1: Alarm reaction 

(SAM and HPA activity increases and result in the “fi ght-

or-fl ight” response); Stage 2: Resistance (HPA activity takes 

over, bodily resources are at maximum and if the stress is 

experienced for short term the body returns to normalcy); 

Stage 3: Exhaustion (with very prolonged stress, bodily 

systems are ineffective. Sympathetic ANS action reappears. 

Adrenal cortex damage causes parasympathetic action, 

Danger signal

CNS – SENSORY CORTEX

CNS – LOCUS CERULEUS

ADRENAL
MEDULLA

Sympathetic
nervous system

CRH/AVP

HPA

EPINEPHRINE/NOREPINEPHRINE

Flight and fright
response

Figure 1 Schema of sympathetic–adrenalin–medullary axis of stress response.
Abbreviations: CNS, central nervous system; CRH/AVP, corticotrophin-releasing hormone/arginine vasopressin; HPA, hypothalmic–pituitary–adrenal axis.
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eg, energy storage failure. The immune system collapses, 

and stress-related diseases increase).

Mechanism of stress-induced 
infection susceptibility
While it has been assumed that psychological (psychogenic) 

and physical (neurogenic) stressors are most closely aligned 

with depression, the suspicion has arisen that systemic 

stressors, including immune alterations, may also act in 

such a provocative capacity.35 Communication occurs 

between the immune, endocrine, autonomic and central 

nervous systems36 such that psychological events that 

affect central neurochemical processes may affect immune 

activity. Conversely, immune activation may affect hormonal 

processes and the activity of central neurotransmitters. Thus, 

by virtue of the neurochemical effects imparted, immune 

activation may affect behavioral outputs and may even be 

related to behavioral pathology such as depressive illness.37

The hypothesis that altered immune activation may occur 

as a result of various stressors emerged over time. The initial 

theory came from Hans Seyles’ GAS, which was derived 

from observation and experimentation on laboratory animals. 

Using a variety of stressors (ie, pain, thermal extremes and 

starvation), Seyle described a common nonspecifi c stress 

response pathway.38 After initial perception of a stressor, 

the animal mounts an emergency alarm or fi ght-or-fl ight 

response. This catecholamine-driven reaction results in 

increased cardiovascular function and an overall increase 

in metabolism. If the stressor persists, the resistance phase 

or ‘conservation withdrawal reaction’ is initiated, which is 

a physiological coping reaction to the increased demands 

of maintaining homeostasis. Chronic stress leads to the 

exhaustion phase and may lead to pathology. Seyle’s theory 

unifi ed the stress phenomena because it provided a common 

response pathway to all the varied stressors encountered.

This pathway, the HPA axis, involves perception in the 

brain with release of hypothalamic corticotropin-releasing 

factor (CRF) and vasopressin which stimulates the anterior 

pituitary to secrete ACTH (Figure 2). Circulating ACTH 

causes the adrenal cortex to produce glucocorticoids (GC). 

Glucocorticoids cause gluconeogenesis with conversion of 

lipid to glucose for the central nervous system (CNS) and 

other functions. Thus, GAS allowed the identifi cation of 

stressors (and presumably the status of well being of the 

animal) by measurement of GC levels. It was an attractive 

theory because GC levels were relatively easy to measure.2

Unfortunately the GAS theory has proven to be too 

simplistic. Mason’s experiments with Rhesus monkeys 

Physical stimuli
Psychological stimuli

Pro-Inflammatory Cytokines
TNF, IL-1 IL-6

CNS – HYPOTHALAMUS

PITUITARY

CRH/AVP

ACTHGCR

CORTISOL

Acute-phase
proteins

CORTISOL

ADRENAL
CORTEX

LIVER

Figure 2 Schema of hypothalamus–pituitary–adrenal (HPA) axis of stress response.
Abbreviations: ACTH, adrenocorticotropic hormone; CNS, central nervous system; CRH/AVP, corticotrophin-releasing hormone/arginine vasopressin; GCR, glucocorti-
coid receptor; IL, interleukin; TNF, tumor necrosis factor.
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exposed to different types of stressors revealed a disparity in 

neuroendocrine responses provided by specifi c stressors.38 For 

instance, monkeys subjected to emotional stress had elevated 

serum GC levels but those subjected to a heat-stress regime 

failed to show GC elevation. In addition to GC, other neuroen-

docrine mediators were characteristically produced in response 

to specifi c stressors.38 Emerging information on the response to 

stressors suggests that there are at least four different avenues 

of neuroendocrine responses. These involve the autonomic 

nervous system, the HPA axis, neuropeptides, neurotransmitters 

and neuroimmunological peptides and receptors.2

Immunity and CNS
Interactions between the immune and nervous systems 

play an important role in modulating host susceptibility 

and resistance to infl ammatory disease. Neuroendocrine 

regulation of inflammatory and immune responses as 

well as onset of disease can occur at multiple levels: (a) 

systemically through the anti-infl ammatory action of GCs 

released via HPA axis stimulation, (b) regionally through 

production of GCs within the affected tissue as well as 

by sympathetic enervation of immune organs such as the 

thymus and (c) locally at sites of infl ammation. Estrogens 

also play an important role in immune modulation and 

contribute to the approximately 2- to 10-fold higher incidence 

of autoimmune/infl ammatory diseases in females of all 

mammalian species.39 During infl ammation, cytokines from 

the periphery activate the central nervous system through 

multiple routes. This results in stimulation of the HPA axis 

which in turn, through the immunosuppressive effects of 

the glucocorticoids, generally inhibits infl ammation. Recent 

studies indicate that physiological levels of glucocorticoids 

are immunomodulatory rather than solely immunosuppressive 

causing a shift in patterns of cytokine production from a 

TH1- to a TH2-type pattern. Interruptions of this loop at any 

level and through multiple mechanisms, whether genetic, 

or through surgical or pharmacological interventions, can 

render an infl ammatory resistant host susceptible to infl am-

matory disease. Over-activation of this axis, as occurs during 

stress, can also affect severity of infectious diseases through 

the immunosuppressive effects of the glucocorticoids. 

These interactions have been clearly demonstrated in many 

animal models using a variety of species and infectious 

agents.39 The results from these models are also relevant 

to human infl ammatory, autoimmune and allergic illnesses 

including rheumatoid arthritis, systemic lupus erythematosus, 

Sjogren’s syndrome, allergic asthma and atopic skin disease. 

While many genes and environmental factors contribute to 

susceptibility and resistance to autoimmune/infl ammatory 

diseases, a full understanding of the molecular mechanisms 

by which a combination of neuropeptides, neurohormones 

and neurotransmitters can modulate immune responses is 

essential for effective design of future interventions.39

Stress and disease re-visited
It is clear from the previous discussion and review of previous 

research that the relationship between stress and disease 

susceptibility is very complex and intertwined with cascades 

of events. In order to understand or characterize stress-induced 

disease susceptibility one needs to identify various biological 

or functional pathways and interaction networking involved 

at any given time. To follow the cascade of molecular events 

happening over time one needs to employ methodologies 

which are holistic in nature and can provide global information 

related to the kinetics of multiple changes in gene expression 

and multiple biomolecular interactions. With the advent of 

various high-throughput genomic approaches it has become 

possible to explore complex biological processes and in 

one step obtain information about gene expression at the 

transcriptional (genomics) and translational (proteomics) level, 

as well as to identify metabolites arising from these responses 

(metabolomics/metabonomics). These methodologies together 

are often referred to as ‘omics’ approaches. Although these 

methodologies are still in their infancy they have started 

showing promise in understanding systems’ biology and 

various disease processes. Work employing omics approaches 

to understand mechanism of stress and disease susceptibility 

is limited at this time. There are reports which describe the 

effects of oxidative stress on cellular apoptosis40 but there 

are no reports on the effects of psychological stressor and 

disease susceptibility in animals using holistic methodologies 

such as various omics approaches. The literature in this area 

is very scarce because these methodologies are very new 

and few results are currently available. The main studies to 

correlate stress and disease susceptibility was done either in 

plant systems41 or a correlation between oxidative stress and 

infectious disease.42 The review by Hirai and Saito established, 

using liquid chromatogram based mass spectrometric 

proteomic and metabolomic and cDNA microarray based 

transcriptomic analyses, that these omics studies can reveal 

the genomic networking involving several pathways related to 

oxidative stress response and key metabolic pathways.41

Omics at a glance
During last 10-years a variety of tools have been developed 

to expedite large-scale analyses of gene expression at 
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the level of individual cells, tissues, or whole organisms. 

Among these tools the ones which have attracted much of 

attention and have been best developed include SNP analyses, 

oligonucleotide microarrays,43,44 cDNA microarrays,45 serial 

analysis of gene expression,46 proteomics47 and bioinformatic 

methodologies to deal with the vast amount of information 

generated. Microarray technology has developed rapidly 

and numerous text books and reviews have been published 

addressing the critical issues of microarray experimental 

design,48 data analyses,49 and the application of microarray 

technology to investigate normal physiology50 and disease 

pathogenesis.51,52 Microarrays have been developed for a 

wide variety of microbial pathogens and host systems, but 

the application of this technology to functional genomic stud-

ies is very recent.53–58 A variety of commercial microarrays 

are now available for different species and microarrays 

representing specifi c cell signaling pathways or biologi-

cal functions are being used as routine tools to address 

hypotheses in basic research and clinical trials. However, 

there has been a substantial delay in the application of 

microarray technologies to the investigation of biological 

questions in species of veterinary importance as well as in 

the area of the current review. In brief, microarray technology 

compares the relative abundance of mRNA over time or 

under different conditions or treatments which can lead to 

studies of comparative genomics of host responses following 

different pathogenic infections, stress situations or time-

dependent kinetic studies of host–pathogen interactions. 

Bioinformatics and statistical approaches specifi c for detailed 

transcriptomics or cluster analyses of expressed genes have 

been developed and are useful for extracting information on 

various functional genomic responses.59–61 It is important, 

however, to understand the translation of transcriptomic 

information into protein expression and modifi cations since 

it is the protein that acts as biomarkers for various disease 

processes or conditions.

Several proteomic tools have been developed. These 

include gel-based two-dimensional (2D) gel electrophoresis 

(GE),47 2D fluorescence difference gel electrophoresis 

(2DIGE)62 or gel-free multidimensional protein identifi cation 

technology (MudPIT),63,64 isotope-coded affinity tag 

(ICAT™),65 Surface-enhanced laser desorption–ionization 

time-of-flight (SELDI-TOF) MS66,67 or isobaric tag for 

relative and absolute quantitation (iTRAQ)68 methodologies. 

While these technologies are being matured more appropriate 

biological questions can be addressed.

In 2D-GE whether traditional or newer DIGE system, 

proteins are fi rst focused (fi rst dimension) in terms of their 

pI values followed by SDS-PAGE (second dimension). In 

contrast to traditional 2D-GE, DIGE system utilizes the 

fl uorescence labeling of protein samples and two-to-three dif-

ferent samples can then be run on a single gel which makes 

it superior to traditional 2D-GE in terms of eliminating gel to 

gel variation and comparative analysis. Although 2D-GE is a 

very good way of separating complex protein mixtures, it is 

limited in terms of high-throughput analysis and sensitivity. 

Because of low sensitivity it is mostly limited to the analysis 

of high abundant proteins of a system. Efforts have been made 

to improve the sensitivity and analysis capacity of proteomics 

techniques. As a result, other methodologies such as 2D-HPLC, 

MudPIT, ICAT, and iTRAQ have been developed and are 

gaining popularity. Although various bioinformatic and data 

analyses approaches have been developed to analyze gel images 

and mass spectrometric based protein characterization a high-

throughput methodology in this area has yet to be developed.

Functional genomic techniques of transcriptomics 

and proteomics and available bioinformatic and statistical 

analyses promise unparalleled global information during the 

analyses of complex biological responses. However, if these 

technologies are used in isolation, the large multivariate data 

sets produced are often diffi cult to interpret and have the 

potential to ignore key metabolic events to understand the 

true biology. High resolution 1H NMR spectroscopy used 

in conjunction with pattern recognition provides one such 

tool for defi ning the dynamic phenotype of a cell, organ, or 

organism in terms of a metabolic phenotype. In a recent review 

the benefi ts of this metabonomics/metabolomics approach 

to problems in toxicology have been discussed.69 One of 

the major benefi ts of this approach is its high-throughput 

nature and cost-effectiveness on a per sample basis. Using 

such a method, the consortium for metabonomic toxicology 

(COMET) is currently investigating approximately 150 model 

liver and kidney toxins. This investigation will allow the 

generation of expert systems where liver and kidney toxicity 

can be predicted for model drug compounds, providing a new 

research tool in the fi eld of drug metabolism. The review 

also included how metabonomics may be used to investi-

gate co-responses with transcripts and proteins involved in 

metabolism and stress responses such as during drug-induced 

fatty liver disease. By using data integration to combine 

metabolite analysis and gene expression profi ling, key per-

turbed metabolic pathways can be identifi ed.

Bioinformatics, stress, and disease
Detailed omics-based bioinformatics studies, to correlate 

stress-dependent disease susceptibility, have yet to analyze 
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this complex biological response. A few preliminary studies 

have been reported in the literature. A recent study has 

shown the adverse effects of using mechanical ventilators 

for respiratory support.70 This acute lung injury because 

of mechanical stretch can lead to high mortality and this 

study has utilized recent advances in bioinformatic-intense 

candidate gene searches to correlate the lung injury and 

gene expression profi les in a rodent model analyzed with 

microarrays.70 The authors used 2,769 mouse/rat orthologous 

genes identifi ed on RG_U34A and MG_U74Av2 arrays and 

the expression profi les were simultaneously analyzed by 

signifi cance analysis of microarrays. This combined ortholog 

and signifi cance analysis of microarrays approach identifi ed 

41 up- and 7 downregulated ventilator-induced stress-related 

candidate genes. Results were validated by comparable 

expression levels obtained by either real-time or relative 

RT-PCR for 15 randomly selected genes. K-mean clustering 

of 48 candidate genes clustered several well-known lung 

injury associated genes (IL-6, plasminogen activator inhibitor 

type 1, CCL-2, cyclooxygenase-2) with a number of stress-

related genes (Myc, Cyr61, Socs3). The only unannotated 

member of this cluster (n = 14) was RIKEN_1300002F13 

EST, an ortholog of the stress-related Gene33/Mig-6 gene. 

The authors speculated that the ortholog-Signifi cant Analysis 

of Microarray approach is a useful, time- and resource-

effi cient tool for identifi cation of candidate genes in a variety 

of complex disease models such as ventilator induced lung 

injury.70 Using microarray-based genomic approaches work 

has also been initiated to identify hypertension-related genes 

in rat model.71

Host responses
Though it is a common belief that the stressors mentioned 

earlier can compromise host immune responses and enhance 

susceptibility to various diseases, very little work has been 

done in this area to understand the mechanism of stress 

dependent disease susceptibility in mammals. Kelley in 

1980 identifi ed eight stressors that typically occur in modern 

livestock production units: heat, cold, crowding, mixing, 

weaning, controlled-feeding, noise and restraint. All these 

stressors were shown to alter components of the immune 

system in animals and these changes in immune function 

may ultimately explain the physiological basis of disease-

environment interactions.72 Another study in 1993 showed 

that neurotransmitters and neuroendocrine hormones can 

modify the function of immune cells. Conversely, cytokines 

produced by immune cells can alter brain homeostasis.73 This 

connection is further manifested by experimental studies 

showing a relationship between stress and resistance to 

infection. Human subjects under high stress were shown to 

be more susceptible to infection with common cold viruses. 

Furthermore, a diversity of experimental animal models 

confi rmed that laboratory stressors such as forced exercise, 

avoidance learning, restraint, isolation and cold exposure 

made animals more susceptible to primary infection with a 

variety of viruses and bacteria.

The cellular and molecular basis for the observed 

modulation of host resistance is not fully understood but 

involves altered functioning of both T-lymphocytes and cells 

of the hypothalamic-pituitary adrenal axis. Also involved is 

the altered production of cytokines and hormones produced 

by the immune system and brain.73 Emau and colleagues in 

1987 showed that the onset of immunodepression by stress 

or viral infection in the pathogenesis of bovine pneumonia 

permits super infection of the lungs with Mannheimia 

haemolytica (formerly called Pasteurella haemolytica) 

which results in exudative fi brinous pneumonia.74 Although 

these studies provide a preliminary basis of stress-induced 

bovine respiratory disease (BRD), there was a lack of 

necessary information to determine the molecular basis of 

such dependence, which can be found by studying changes at 

the level of gene expression (transcriptional and proteomic) 

and metabolites. A recent study compared proteomics of 

epithelial lining fl uid from lungs of weaned and nonweaned 

cattle.75 The study was done over a shorter period of time 

(36 h) with a combination of stressors (weaning, transporta-

tion) and important questions such as to determine specifi city 

and duration (stability) of the protein biomarkers are yet to 

be addressed. The group also studied the proteomic profi le 

of bronchoalveolar lung lavage fl uid following treating 

the calves with dexamethasone to determine the effects 

of glucocorticoids, which is elevated following induction 

of stress.76,77 More studies are however needed (a) to fi nd 

biomarkers associated with stressors and infection, (b) to 

determine the duration of the biomarkers so that these are 

sustainable enough to identify and predict stressed animals 

(which might be more susceptible to infection in real life 

situation such as in feedlot cattle).

Bovine respiratory disease
Disease models have been developed to study the molecular 

mechanisms underlying the viral-bacterial synergy which 

results in fatal BRD infections.78–80 We have confi rmed with 

the infectious BRD model that the stress of weaning81 signifi -

cantly enhances the viral–bacterial synergy leading to fatal 

bacterial respiratory infection.82 The major stressors young 

Powered by TCPDF (www.tcpdf.org)



International Journal of General Medicine 2009:2 27

Omics approaches in understanding stress and disease susceptibility

cattle experience include maternal separation or weaning, 

dietary changes, transportation, social reorganization and 

other environmental effects (Figure 3). With this in mind, we 

focused our initial studies to understand the role of weaning 

on the clinical response to BRD. Fifteen suckling calves 

were removed from their mothers 24 h prior to viral infection 

(abruptly weaned/stressed, AW). A second group of 15 calves 

was weaned 2 wks prior to viral infection (pre-conditioned/

control, PC); 2 wks was chosen as an appropriate interval to 

eliminate psychological and physiological effects associated 

with breaking the maternal/nutritional bond and to adapt to 

the dietary change and social re-organization that follows 

weaning (Figure 4). All calves were transported to Vaccine 

and Infections Disease Organization VIDO, and aerosol 

challenged with bovine herpesvirus-1 (BHV-1) followed 

by M. haemolytica; this combined viral–bacterial infection 

induces fatal pneumonia in 50%–70% of calves.83

Our clinical analyses revealed a signifi cant difference 

in BRD clinical disease when comparing freshly weaned 

calves (80% mortality) versus pre-conditioned calves (40% 

mortality).84,85 Increased mortality associated with fresh wean-

ing was characterized by a decrease in both survival time 

post-infection and, interestingly, decreased lung pathology 

which suggested a systemic reaction. Contrary to expecta-

tions, transportation induced a signifi cant cortisolemia in 

pre-conditioned but not freshly weaned calves (Figure 5). 

Transportation is known as an important stressor which 

increases blood cortisol level.86–89 However, the stressor 

combination of weaning and transportation may have differ-

ent physiological markers than commonly expected. Cortisol 

is a potent regulator of pro-infl ammatory cytokine transcrip-

tion by acting as a negative regulator of NFκB activation, 

and can be used as an indicator of stress.90 Fatal bacterial 

respiratory infection in calves was usually associated with 

an accelerated decline in serum cortisol levels. Therefore, we 

hypothesized that increased respiratory disease susceptibility 

was associated with enhanced pro-infl ammatory responses 

in freshly weaned calves. Elevated body temperature and 

interferon-gamma (IFN-γ) levels in nasal secretions during 

BHV-1 infection of freshly weaned calves were similar to pre-

vious reports,82,91 supporting this hypothesis. These immune 

responses were signifi cantly increased despite no signifi cant 

difference in virus shedding. Furthermore, increased IL-10 

expression, during BHV-1 infection of pre-conditioned calves, 

was consistent with reduced pro-infl ammatory responses.82

Genomics and proteomics
We conducted bovine microarray analyses of RNA isolated 

from blood mononuclear cells to determine if changes in 

gene expression correlated with either stress or the severity 

of BRD infection; results support the conclusion that differ-

ential regulation of pro-infl ammatory responses is a major 

mechanism contributing to increased disease susceptibility. 

Conserved responses included an enhanced potential to 

Calves

Maternal separation
(weaning stressor)

Transport
(stressor)

Restraint

Social reorganization

New environment
(environmental stressor)

Dietary change
(nutritional stressor)

Figure 3 Schematic diagram of various important stressors of feedlot cattle.
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respond to pathogen-associated molecular patterns through 

increased expression of toll-like receptors (TLRs). TLR 

induction of innate immune responses is mediated primar-

ily through activation of nuclear factor kappaB (NFκB). 

We also observed differential expression of β-defensin 5 (a 

host defense peptide induced by TLR4 signaling) in freshly 

weaned calves, consistent with reduced cortisol levels.92 In 

addition, when we compared expression of select innate 

immune genes (eg, TLR2, TLR4, IFN-γ and 2’5’ O-adenylate 

synthetase) between day 4 (post BHV-1 infection) and day 0 

(prior to BHV-1 infection) for AW- and PC-groups, results 

revealed a trend of increased expression of the select genes 

on day 4 irrespective of the stress situation (Table 1). This 

trend of activation of select immune genes clearly revealed 

that following BHV-1 infection the innate immune response 

was enhanced. This observation contradicts the current 

hypothesis that the primary viral enhances the secondary 

bacterial infection by compromising the immune system.78,93 

Our studies revealed that the anti-infl ammatory gene IL-10 

was upregulated on day 4 in PC groups while β-defensin was 

activated on day 4 in AW groups (Table 1). IL-10 which acts 

as an anti-infl ammatory gene should be activated on day 4 

to control pro-infl ammatory responses as a result of BHV-1 

infection in either AW or in both groups; instead it was only 

over expressed in control (PC) groups. On a similar token 

β-defensin on day 4 should also be observed in both groups 

to control BHV-1 infection. These results are particularly 

interesting to explore further to understand the detailed 

mechanism of stress-induced disease correlation.

Although advances have been made in understanding 

various disease processes, successful intervention often 

depends upon the stage at which disease is detected. Thus, 

identifying markers for disease or its cause, as well as 

understanding the mechanism of disease onset and suscep-

tibility, are very important. Systems biology approaches 

such as omics (genomic, proteomic, metabonomic) and 

multivariate analysis to understand mechanisms and to 

identify biomarkers provide potential tools to address these 

questions.69,94–96 It is particularly important to employ a 

combination of molecular approaches such as omics to 

understand complex processes such as stress and its correla-

tion with disease susceptibility. With such goals in mind, we 

identifi ed and characterized a group of protein, metabolite 

and elemental biomarkers using serum samples from BHV-1 

Select calves with no prior exposure
to BRD pathogens

Abrupt weaning

Transport to VIDO

Respiratory disease challenge

Monitor clinical responses

Collect samples to analyze proteins,
cell function, and gene expression

Adapted (Pre-conditioned)

Collect samples to analyze proteins,
cell function, and gene expression

Figure 4 A schematic BRD stress model diagram for BHV-1 followed by M. haemolytica aerosol challenge of weaned and pre-conditioned calves.
Abbreviations: BRD, bovine respiratory disease; BHV-1, bovine herpesvirus-1;  VIDO, Vaccine and Infections Disease Organization.
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infected as well as from stressed animals. The trend of each 

group of biomarkers distribution was analyzed to correlate 

with the groupings based on stress condition or infection.53 

Multivariate analysis revealed distinct differential trends in 

the distribution profi le of proteins, metabolites and elements 

following a stress response both before and after primary 

viral infection. A group of acute phase proteins, metabolites 

and elements could be specifi cally linked to either a stress 

response (decreased serum amyloid A and Cu, increased 

apolipoprotein CIII, amino acids, low-density lipoprotein 

[LDL], P and Mo) or a primary viral respiratory infection 

(increased apolipoprotein A1, haptoglobin, glucose, amino 

acids, LDL and Cu, decreased lipid and P). Thus, combined 

OMICS analysis of serum samples revealed that multimethod 

analyses could be used to discriminate between the complex 

biological responses to stress and viral infection.

There are reports which suggest that transport can be an 

important stressor which alters blood leukocyte populations 

and sets the stage for BRD.97,98 Currently we are conducting 

experiments in which transportation of the animals is elimi-

nated, such that stressors related to a new environment are 

removed. It was documented that abrupt weaning (separation 

of suckling calves from their dams) causes a prolonged psycho-

logical stress response.81 This stress response manifests as an 

increase in vocalization by both calves and cows and a signifi -

cant increase in time spent walking by the calf. Consequently, 

time spent eating and resting also decreases for abruptly 

weaned calves. Statistically, these changes in behavior return 

to baseline values after four to fi ve days of weaning.

Pros and cons
As is evident from the review of the literature that tradition-

ally effects of stress have been studied by attempting to 

understand behavioral patterns of the subject and cellular 

immune response of the host. It is, however, clear that 

amount of data to understand such a complex condition (such 

as stress and stress-induced diseases) is not adequate and 

enough. Behavioral studies may not always be correlated to 

a particular stressor as there might have been other param-

eters affecting the observations. Attempts have also been 

made to use cortisol as a unique biomarker for stress, but 

cortisol is diurnal hence cannot be a reliable marker. While 

it is important to understand cellular immunology to estab-

lish the mechanism of stress-induced disease susceptibility, 

however without identifying and establishing the immune 

markers specifi c for stressor it will not lead into any mean-

ingful inference. Systems biology approaches using vari-

ous omics and bioinformatics methodologies can identify 

a group of biomarkers at various levels of host immune 

response, gene expression and metabolism. Association of 

the identifi ed biomarkers and the patterns in changes in their 

expression level above or below a determined threshold level 

with specifi c stressor(s) could then be used to defi ne stress 

situation, identif ication of individuals susceptible to stress-

induced disease. Moreover, establishing a pattern in changes 

of biomarkers is more reliable than a single biomarker. 

Duration of identifi ed biomarkers can further strengthen the 

methodology for applying in real life situation.

Perspective
The current review established the importance of psycho-

logical stress and its effects on infectious disease severity 
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Figure 5 Serum cortisol levels following transport and BHV-1 infection. Serum cortisol 
levels were signifi cantly elevated (p � 0.01) in both groups of calves following transport 
(Day 0) compared to respective group of calves which were not transported. Cortisol 
levels remained signifi cantly elevated in pre-conditioned calves at 24 h post-BHV-1 
infection. Data presented are median values for each group (n = 10). Symbols associ-
ated with each group are defi ned in the fi gure.
Abbreviation: BHV-1, bovine herpesvirus-1.

Table 1 Expression trend of select innate immune genes are listed 
as observed by quantitative real time-polymerase chain reaction 
analysis

Gene AW PC

TLR2 day 4 � day 0 day 4 � day 0

TLR4 day 4 � day 0 day 4 � day 0

IFNγ day 4 � day 0 day 4 � day 0

2’5’ OAS day 4 � day 0 day 4 � day 0

IL-10 day 4 = day 0 day 4 � day 0

β-defensin day 4 � day 0 day 4 = day 0

Abbreviations: IFN, interferon; IL, interleukin;  TLR, toll-like receptor.
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and susceptibility with emphasis on respiratory disease. As 

evident from the literature, initial work focused mainly on 

understanding the roles of various stressors on physiology 

and behavior. Theories emerged as a consequence of these 

studies which implicated the HPA axis and the sympathetic 

nervous system (SNS) in altered immunity. However, physi-

ological responses studied in a laboratory may not necessar-

ily be consistent with real life phenomena, especially when 

attempting to analyze heterogeneous populations such as 

cattle or humans. Experiments with human subjects cannot 

always be properly controlled because of ethical concerns and 

therefore using appropriate animal models to mimic natural 

disease outcomes may be more informative. With the use 

of high-throughput omics approaches it should be possible 

to extract more detailed information out of these complex 

biological systems and understand the complex biology and 

mechanisms by which stress augments disease susceptibil-

ity. More studies are needed to understand the physiological 

differences between acute versus chronic stress as well as the 

combined effects of various stressors. It is becoming more 

apparent that stress not only makes an individual more sus-

ceptible to a disease but can also enhance disease severity. 

Therefore, it is very important to understand the kinetics, 

specifi city and stability or duration of biomarkers associated 

with a specifi c stressor or combination of stressors before 

we can predict disease susceptibility in individual people 

or animals.

Acknowledgments
This project was funded by the Saskatchewan Agriculture 

and Food Rural Revitalization (SAFRR), Genome BC and 

Genome Prairie for the ‘Pathogenomics of Innate Immunity’ 

research program and the Ontario Cattleman’s Association 

(OCA). This manuscript is published with permission of the 

Director of Vaccine and Infectious Disease Organization as 

article number 512. A.A.P. is the holder of an NSERC Senior 

Industrial Research Chair.

References
 1. Chrousos GP, Loriaux DL, Gold PW. The concept of stress and its 

historical development. Adv Exper Med Biol. 1988;245:3.
 2. Griffi n JFT. Stress and immunity: A unifying concept. Veterinary 

Immunology and Immunopathology. 1989;20(3):263–312.
 3. Fraser SB, Richie JSD, Fraser AF. The term ‘stress’ in the veterinary 

context. Br Vet J. 1975;131:653–662.
 4. Schwab CL, Fan R, Zheng Q, Myers LP, Hebert P, Pruett SB. Modeling 

and predicting stress-induced immunosuppression in mice using blood 
parameters. Toxicol Sci. 2005;83(1):101–113.

 5. Buckley TM, Schatzberg AF. On the interactions of the hypothalamic-
pituitary-adrenal (HPA) axis and sleep: normal HPA axis activity and 
circadian rhythm, exemplary sleep disorders. J Clin Endocrinol Metab. 
2005;90(5):3106–3114.

 6. Marsland AL, Bachen EA, Cohen S, Rabin B, Manuck SB. Stress, 
immune reactivity and susceptibility to infectious disease. Physiol 
Behav. 2002;77(4–5):711–716.

 7. Yang EV, Glaser R. Stress-induced immunomodulation and the implica-
tions for health. Int Immunopharmacol. 2002;2(2–3):315–324.

 8. Matarazzo JD, Weiss SM, Herd JA, Miller NE, Weiss SM. Behavioral 
health: A handbook for health enhancement and disease prevention. 
New York: Wiley; 1984.

 9. Jemmott JB, 3rd, Locke SE. Psychosocial factors, immunologic media-
tion, and human susceptibility to infectious diseases: how much do we 
know? Psychol Bull. 1984;95(1):78–108.

10. Krantz DS, Grunberg NE, Baum A. Health psychology. Annu Rev 
Psychol. 1985;36:349–383.

11. Cohen S, Line S, Manuck SB, Rabin BS, Heise ER, Kaplan JR. Chronic 
social stress, social status, and susceptibility to upper respiratory infec-
tions in nonhuman primates. Psychosom Med. 1997;59(3):213–221.

12. Simonsen L, Fukuda K, Schonberger LB, Cox NJ. The impact of 
infl uenza epidemics on hospitalizations. J Infect Dis. 2000;181(3):
831–837.

13. Cohen S, Doyle WJ, Skoner DP. Psychological stress, cytokine pro-
duction, and severity of upper respiratory illness. Psychosom Med. 
1999;61(2):175–180.

14. Clover RD, Abell T, Becker LA, Crawford S, Ramsey CN, Jr. Family 
functioning and stress as predictors of infl uenza B infection. J Fam 
Pract. 1989;28(5):535–539.

15. Hermann G, Tovar CA, Beck FM, Allen C, Sheridan JF. Restraint 
stress differentially affects the pathogenesis of an experimental infl u-
enza viral infection in three inbred strains of mice. J Neuroimmunol. 
1993;47(1):83–94.

16. Sheridan JF, Feng NG, Bonneau RH, Allen CM, Huneycutt BS, Glaser 
R. Restraint stress differentially affects anti-viral cellular and humoral 
immune responses in mice. J Neuroimmunol. 1991;31(3):245–255.

17. Deshpande SA, Northern V. The clinical and health economic burden 
of respiratory syncytial virus disease among children under 2 years 
of age in a defi ned geographical area. Arch Dis Child. 2003;88(12):
1065–1069.

18. Ganguin HG. [Respiratory tract diseases, their health-political impor-
tance and trends]. Z Gesamte Inn Med. 1979;34(4):18–20.

19. Kiecolt-Glaser JK, Glaser R. Psychosocial factors, stress, disease, and 
immunity. San Diego, CA: Academic Press; 1991. p. 849–867.

20. Graham NM, Douglas RM, Ryan P. Stress and acute respiratory infec-
tion. Am J Epidemiol. 1986;124(3):389.

21. Cohen S, Tyrrell DA, Smith AP. Psychological stress and susceptibility 
to the common cold. N Engl J Med. 1991;325(9):606–612.

22. Cohen S. Psychological stress and susceptibility to upper respiratory 
infections. Am J Respir Crit Care Med. 1995;152(4 Pt 2):S53–S58.

23. Turner-Cobb JM, Steptoe A. Psychosocial stress and susceptibility to 
upper respiratory tract illness in an adult population sample. Psychosom 
Med. 1996;58:404–412.

24. Cohen S, Williamson GM. Stress and infectious disease in humans. 
Psychol Bull. 1991;109(1):5–24.

25. Broadbent DE, Broadbent MHP, Phillpotts RJ, Wallace J. Some fur-
ther studies on the prediction of experimental colds in volunteers by 
psychological factors. J Psychosom Res. 1984;28(6):511–523.

26. Beasley R, Coleman ED, Hermon Y, Holst PE, O’Donnell TV, Tobias M. 
Viral respiratory tract infection and exacerbations of asthma in adult 
patients. Thorax. 1988;43(9):679–683.

27. Hudgel DW, Langston L Jr, Selner JC, McIntosh K. Viral and 
bacterial infections in adults with chronic asthma. Am Rev Respir Dis. 
1979;120(2):393–397.

28. Nicholson KG, Kent J, Ireland DC. Respiratory viruses and exacerba-
tions of asthma in adults. BMJ. 1993;307(6910):982–986.

29. Meyer RJ, Haggerty RJ. Streptococcal infections in families. Factors 
altering individual susceptibility. Pediatrics. 1962;29:539–549.

30. Cohen S, Frank E, Doyle WJ, Skoner DP, Rabin BS, Gwaltney JM, Jr. 
Types of stressors that increase susceptibility to the common cold in 
healthy adults. Health Psychol. 1998;17(3):214–223.

Powered by TCPDF (www.tcpdf.org)



International Journal of General Medicine 2009:2 31

Omics approaches in understanding stress and disease susceptibility

31. Dobbs CM, Feng N, Beck FM, Sheridan JF. Neuroendocrine regulation 
of cytokine production during experimental infl uenza viral infection: 
effects of restraint stress-induced elevation in endogenous corticoste-
rone. J Immunol. 1996;157(5):1870–1877.

32. Zhu Z, Tang W, Ray A, et al. Rhinovirus stimulation of interleukin-6 
in vivo and in vitro . evidence for nuclear factor kappa B-dependent 
transcriptional activation. J Clin Invest. 1996;97(2):421–430.

33. Hayden FG, Fritz R, Lobo MC, Alvord W, Strober W, Straus SE. Local 
and systemic cytokine responses during experimental human infl uenza 
A virus infection. Relation to symptom formation and host defense. J Clin 
Invest. 1998;101(3):643–649.

34. Timothy GD. Novel approaches to the treatment of depression by 
modulating the hypothalamic – pituitary – adrenal axis. Hum Psycho-
pharmacol. 2001;16(1):89–93.

35. Maes M. Major depression and activation of the infl ammatory response 
system. Adv Exper Med Biol. 1999;461:25.

36. Rothwell NJ, Hopkins SJ. Cytokines and the nervous system II: actions 
and mechanisms of action. Trends Neurosci. 1995;18(3):130.

37. Licinio J, Wong ML. The role of infl ammatory mediators in the biology of major 
depression: central nervous system cytokines modulate the biological substrate 
of depressive symptoms, regulate stress-responsive systems, and contribute to 
neurotoxicity and neuroprotection. Mol Psychiatry. 1999;4(4):317.

38. Goldberg JM, Moberg GP. Autonomic control of heart rate in the 
neonatal rhesus monkey. J Med Primatol. 1985;14(1):19–27.

39. Sternberg EM. Neuroendocrine regulation of autoimmune/infl ammatory 
disease. J Endocrinol. 2001;169(3):429–435.

40. Schweizer M, Peterhans E. Oxidative stress in cells infected with bovine 
viral diarrhoea virus: a crucial step in the induction of apoptosis. J Gen 
Virol. 1999;80(Pt 5):1147–1155.

41. Hirai MY, Saito K. Post-genomics approaches for the elucidation 
of plant adaptive mechanisms to sulphur deficiency. J Exp Bot. 
2004;55(404):1871–1879.

42. Visca P, Fabozzi G, Milani M, Bolognesi M, Ascenzi P. Nitric oxide and 
Mycobacterium leprae pathogenicity. IUBMB Life. 2002;54(3):95–99.

43. Fodor SP, Rava RP, Huang XC, Pease AC, Holmes CP, Adams CL. 
Multiplexed biochemical assays with biological chips. Nature. 
1993;364(6437):555–556.

44. Southern EM, Maskos U. Parallel synthesis and analysis of large num-
bers of related chemical compounds: applications to oligonucleotides. 
J Biotechnol. 1994;35(2–3):217–227.

45. Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring 
of gene expression patterns with a complementary DNA microarray. 
Science. 1995;270(5235):467–470.

46. Velculescu VE, Zhang L, Vogelstein B, Kinzler KW. Serial analysis 
of gene expression. Science. 1995;270(5235):484–487.

47. O’Farrell PH. High resolution two-dimensional electrophoresis of 
proteins. J Biol Chem. 1975;250(10):4007–4021.

48. Yang IV, Chen E, Hasseman JP, et al. Within the fold: assessing dif-
ferential expression measures and reproducibility in microarray assays. 
Genome Biol. 2002;3(11):research0062.

49. Butte A. The use and analysis of microarray data. Nat Rev Drug Discov. 
2002;1(12):951–960.

50. Barlow C, Lockhart DJ. DNA arrays and neurobiology – what’s new 
and what’s next? Curr Opin Neurobiol. 2002;12(5):554–561.

51. Zamvil SS, Steinman L. Cholesterol-lowering statins possess anti-
infl ammatory activity that might be useful for treatment of MS. Neurology. 
2002;59(7):970–971.

52. Wilson HL, Aich P, Roche FM, et al. Molecular analyses of disease 
pathogenesis: Application of bovine microarrays. Vet Immunol Immu-
nopathol. 2005;105(3–4):277–287.

53. Aich P, Jalal S, Czuba C, et al. Comparative approaches to the inves-
tigation of responses to stress and viral infection in cattle. Omics. 
2007;11(4):413–434.

54. Aich P, Wilson HL, Kaushik RS, Potter AA, Babiuk LA, Griebel P. 
Comparative analysis of innate immune responses following infection 
of newborn calves with bovine rotavirus and bovine coronavirus. J Gen 
Virol. 2007;88(10):2749–2761.

55. Cogburn LA, Porter TE, Duclos MJ, et al. Functional genomics of the 
chicken-a model organism. Poult Sci. 2007;86(10):2059–2094.

56. Kingsmore SF, Lindquist IE, Mudge J, Beavis WD. Genome-wide 
association studies: progress in identifying genetic biomarkers in com-
mon, complex diseases. Biomarker Insights. 2007;283–292.

57. Sellier P. Genomics applied to the improvement of farm animals: 
a survey of the research projects funded in the frame of the French 
programme. Sci Aliments. 2007;27(2):133–42.

58. Wong C-W, Chen L. Bridging bench to clinic: roles of animal models for 
post-genomics drug discovery on metabolic diseases. Drug Discovery 
Res. 2007;465–478.

59. Allen JE, Pertea M, Salzberg SL. Computational gene prediction using 
multiple sources of evidence. Genome Res. 2004;14(1):142–148.

60. Quackenbush J. Data standards for ‘omic’ science. Nat Biotechnol. 
2004;22(5):613–614.

61. Yang YH, Buckley MJ, Speed TP. Analysis of cDNA microarray images. 
Brief Bioinform. 2001;2(4):341–349.

62. Patton WF. Detection technologies in proteome analysis. J Chromatogr 
B Analyt Technol Biomed Life Sci. 2002 May 5;771(1–2):3–31.

63. Kislinger T, Gramolini AO, MacLennan DH, Emili A. Multidimensional 
protein identifi cation technology (MudPIT): technical overview of a 
profi ling method optimized for the comprehensive proteomic investi-
gation of normal and diseased heart tissue. J Am Soc Mass Spectrom. 
2005;16(8):1207–1220.

64. Wolters DA, Washburn MP, Yates JR, 3rd. An automated multidimen-
sional protein identifi cation technology for shotgun proteomics. Anal 
Chem. 2001;73(23):5683–5690.

65. Zhang R, Sioma CS, Wang S, Regnier FE. Fractionation of iso-
topically labeled peptides in quantitative proteomics. Anal Chem. 
2001;73(21):5142–5149.

66. Issaq HJ, Conrads TP, Prieto DA, Tirumalai R, Veenstra TD. 
SELDI-TOF MS for diagnostic proteomics. Anal Chem. 2003;75(7):
148A–155A.

67. Wulfkuhle JD, McLean KC, Paweletz CP, et al. New approaches to pro-
teomic analysis of breast cancer. Proteomics. 2001;1(10):1205–1215.

68. Shadforth IP, Dunkley TP, Lilley KS, Bessant C. i-Tracker: For quan-
titative proteomics using iTRAQ. BMC Genomics. 2005;6(1):145.

69. Bollard ME, Stanley EG, Lindon JC, Nicholson JK, Holmes E. NMR-
based metabonomic approaches for evaluating physiological infl uences 
on biofl uid composition. NMR Biomed. 2005;18(3):143–162.

70. Ma SF, Grigoryev DN, Taylor AD, et al. Bioinformatic identifi cation 
of novel early stress response genes in rodent models of lung injury. 
Am J Physiol Lung Cell Mol Physiol. 2005;289(3):L468–L477.

71. Yagil Y, Yagil C. Genetic models of hypertension in experimental 
animals. Exp Nephrol. 2001;9(1):1–9.

72. Kelley KW. Stress and immune function: a bibliographic review. Ann 
Rech Vet. 1980;11(4):445–478.

73. Klein TW. Stress and infections. J Fla Med Assoc. 1993;80(6):409–411.
74. Emau P, Giri SN, Bruss ML. Viral-bacterial pneumonia in calves: 

effects on plasma eicosanoids and long chain fatty acids. Int J Tissue 
React. 1987;9(3):199–214.

75. Mitchell GB, Clark ME, Siwicky M, Caswell JL. Stress alters the cel-
lular and proteomic compartments of bovine bronchoalveolar lavage 
fl uid. Vet Immunol Immunopathol. 2008;125(1–2):111–125.

76. Beveridge JD, Mitchell GB, Brewer D, Clark ME, Caswell JL. Altered 
protein expression in neutrophils of calves treated with dexamethasone. 
Can J Vet Res. 2008;72(3):249–252.

77. Mitchell GB, Clark ME, Caswell JL. Alterations in the bovine 
bronchoalveolar lavage proteome induced by dexamethasone. Vet 
Immunol Immunopathol. 2007;118(3–4):283–293.

78. Babiuk LA, Ohmann HB, Gifford G, Czarniecki CW, Scialli VT, 
Hamilton EB. Effect of bovine alpha 1 interferon on bovine her-
pesvirus type 1-induced respiratory disease. J Gen Virol. 1985;
66(Pt 11):2383–2394.

79. Babiuk LA, Lawman MJ, Gifford GA. Use of recombinant bovine 
alpha 1 interferon in reducing respiratory disease induced by bovine her-
pesvirus type 1. Antimicrob Agents Chemother. 1987;31(5):752–757.

Powered by TCPDF (www.tcpdf.org)



International Journal of General Medicine 2009:232

Aich et al

80. Yates WD, Stockdale PH, Babiuk LA, Smith RJ. Prevention of 
experimental bovine pneumonic pasteurellosis with an extract of 
Pasteurella haemolytica. Can J Comp Med. 1983;47(3):250–256.

81. Stookey JM, Gonyou HW. The effects of regrouping on behav-
ioral and production parameters in finishing swine. J Anim Sci. 
1994;72(11):2804–2811.

82. Hodgson PD, Aich P, Manuja A, et al. Effect of stress on viral-bacterial 
synergy in bovine respiratory disease: novel mechanisms to regulate 
infl ammation. Comp Funct Genomics. 2005;6(4):244–250.

83. Jericho KW, Yates WD, Babiuk LA. Bovine herpesvirus-1 vaccination 
against experimental bovine herpesvirus-1 and Pasteurella haemo-
lytica respiratory tract infection: onset of protection. Am J Vet Res. 
1982;43(10):1776–1780.

84. Hodgson PD, Aich P, Manuja A, et al. Effect of stress on viral-bacterial 
synergy in bovine respiratory disease: Novel mechanisms to regulate 
infl ammation. Comp Funct Genomics. 2005;6(4):244–250.

85. Aich P, Jalal S, Czuba C, et al. Comparative approaches to the inves-
tigation of responses to stress and viral infection in cattle. Omics. 
2007;11(4):413–434.

86. Buckham Sporer KR, Weber PS, Burton JL, Earley B, Crowe MA. 
Transportation of young beef bulls alters circulating physiological 
parameters that may be effective biomarkers of stress. J Anim Sci. 
2008;86(6):1325–1334.

87. Lomborg SR, Nielsen LR, Heegaard PM, Jacobsen S. Acute phase 
proteins in cattle after exposure to complex stress. Vet Res Commun. 
2008;32(7):575–582.

88. Riondato F, D’Angelo A, Miniscalco B, Bellino C, Guglielmino R. 
Effects of road transportation on lymphocyte subsets in calves. Vet J. 
2008;175(3):364–368.

89. Sporer KR, Xiao L, Tempelman RJ, Burton JL, Earley B, Crowe MA. 
Transportation stress alters the circulating steroid environment and 
neutrophil gene expression in beef bulls. Vet Immunol Immunopathol. 
2008;121(3–4):300–320.

90. Slowik A, Turaj W, Pankiewicz J, Dziedzic T, Szermer P, Szczudlik A. 
Hypercortisolemia in acute stroke is related to the infl ammatory response. 
J Neurol Sci. 2002;196(1–2):27–32.

91. Le Jan C, Asso J. [Induction of interferon activity in nasal mucus by 
association of levamisole by systemic route – inactivated virus by local 
route (author’s transl)]. Ann Rech Vet. 1980;11(3):307–312.

92. Hodgson PD, Aich P, Manuja A, et al. Effect of stress on viral-bacterial 
synergy in bovine respiratory disease: A review of potential mecha-
nisms. Comp Funct Genomics. 2005;6:244–250.

93. Gershwin LJ, Berghaus LJ, Arnold K, Anderson ML, Corbeil LB. 
Immune mechanisms of pathogenetic synergy in concurrent bovine pul-
monary infection with Haemophilus somnus and bovine respiratory syn-
cytial virus. Vet Immunol Immunopathol. 2005;107(1–2):119–130.

94. Celis JE, Gromov P, Cabezon T, et al. Proteomic characterization of 
the interstitial fl uid perfusing the breast tumor microenvironment: a 
novel resource for biomarker and therapeutic target discovery. Mol 
Cell Proteomics. 2004;3(4):327–344.

95. Korth MJ, Katze MG. Unlocking the mysteries of virus-host interac-
tions: does functional genomics hold the key? Ann N Y Acad Sci. 
2002;975:160–168.

96. Choe LH, Aggarwal K, Franck Z, Lee KH. A comparison of the consis-
tency of proteome quantitation using two-dimensional electrophoresis 
and shotgun isobaric tagging in Escherichia coli cells. Electrophoresis. 
2005;26(12):2437–2449.

97. Chirase NK, Greene LW, Purdy CW, et al. Effect of transport stress 
on respiratory disease, serum antioxidant status, and serum concentra-
tions of lipid peroxidation biomarkers in beef cattle. Am J Vet Res. 
2004;65(6):860–864.

98. Mormede P, Soissons J, Bluthe RM, et al. Effect of transportation on 
blood serum composition, disease incidence, and production traits 
in young calves. Infl uence of the journey duration. Ann Rech Vet. 
1982;13(4):369–384.

Powered by TCPDF (www.tcpdf.org)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


