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Abstract

The objective of this study was to evaluate the oxidative and antioxidant status in critically ill
patients on an intensive therapy unit (ITU) and their correlation with clinical outcome. This
prospective study was carried in the thirteen-bed closed, adult mixed surgical/medical ITU in
Royal Liverpool University teaching hospital.

Sixty, non-selective consecutive patients (16 females, 44males) aged 22-85yrs were included in
the study following ITU admission between July-Sep 2001. All patients received routine
intensive care management and were fol lowed until death or discharge from ITU. 46 were
discharged from the ITU (survivors) and 14 died in ITU (non-survivors). All patients were
followed in ITU for up to 12 days and were grouped as “the short stay study” Ten patients
remained in the ITU for more than 12 days and were grouped for “the long stay ITU study”. All
these patients except one (who died on ITU) i.e. n=9, were included in long ITU study.

Blood samples were collected at the time of admission (day 0) and subsequently at intervals of 3
days, until time of death in (non-survivors), or discharge from, ITU (survivors).

Plasma malondialdehyde (MDA), F2 isoprostanes (F2 IsoPs), ascorbic acid (AA), total
antioxidant activity (TAS), plasma and RBC glutathione peroxidase (GPx) and RBC superoxide
dismutase (SOD) were measured.

Besides this, inflammatory markers C-reactive protein (CRP), interleukin (IL) 6 and 10 were
measured in the nine long ITU patients. The clinical scoring systems APACHE Il and multiple
organ dysfunction score (MOD) were used to assess the extent of organ dysfunction.

We divided our short study patients into three groups; survivors, non-survivors and patients with
alcoholic hepatitis, the latter group being considered separately because they received high dose
multivitamins on admission. These groups were survivors (n=45, mean age 53.1years, 32 men
and 13 women), non-survivors (n=9, mean age 59.1, 7 men and 2 women) and patients with
alcoholic hepatitis (n=6, non-survivors; n=5 and survivor; n=1).

APACHE 11 (p<0.0001), MOD (p<0.0005), MDA (p=0.04) and F2 IsoPs (p=0.01) were
significantly higher in non-survivors than in survivors at the time of admission.

The markers of oxidative damage (MDA and F2IsoPs), antioxidants (TAS and AA) and clinical
markers (MOD) were si gnificantly higher in patients with alcoholic hepatitis as compared to
patients with severe sepsis and systemic inflammatory response syndrome (SIRS). There was a
significant positive correlation between the clinical marker (MOD) and markers of oxidative
damage at the time of admission.

Among long ITU patients, there was a significant reduction in the oxidative damage markers i.e.
MDA and F2IsoPs, inflammatory markers i.e. CRP, IL 6 &10 and clinical marker (MOD) from
day 0 to 18. There was a significant correlation of oxidative damage markers with the clinical
markers in these patients.

These data are consistent with greater oxidative stress in non-survivors than in survivors and
show a positive correlation of markers of oxidative damage with organ dysfunction. Also as
inflammation subsided, there was a concomitant decrease in markers of oxidative damage in
patients who survived their critical illness.

Further studies of this type may assist in identifying patients at high risk who may benefit from
antioxidant supplements. Early recognition of oxidative damage in these seriously ill patients may
be useful to define a point at which therapeutic interventions may be instituted to improve the
overall survival.
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1.1 Free radicals (FR)

1.1.1- Definition and sources

Free radicals (FR) are the molecules in biological systems that contain one or more
unpaired electrons. They are called free, as they are capable of independent existence.
They achieve stability by gaining electrons (reduction) or donating an electron
(oxidation) to surrounding molecules to produce an electron pair and in the process the
attacked molecule then becomes a FR (Fig 1.1). This will initiate a chain of reactions
leading to propagation of a FR chain reaction. Thus, a single radical initiates a sequence
of electron transfer reactions.

Reactive oxygen species (ROS) is a collective term, which includes not only oxygen
radicals (O,"* and OH") but also some non-radical derivatives of oxygen.

The following tablel lists the various ROS:

Table 1: List of reactive oxygen species

Radicals Non-radicals
Superoxide, 02" Hydrogen peroxide, HoO2
Hydroxyl, OH" Hypochlorous acid, HOCI
Peroxyl, R O;° Ozone O3
Alkoxyl, R O° Singlet oxygen
Hydroperoxyl, HO,® Peroxynitrite, ONOO®

20
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It is well recognized that these reactive species may be produced from normal
intracellular processes i.e. the mitochondrial electron transport system where reduced
oxygen may leak from the system in the form of superoxide radical (02 ")(Halliwell
1989) and it is rapidly catalysed by superoxide dismutase (SOD) to form hydrogen
peroxide (H20). In the presence of transition metals like Fe** ana Cu', there is
generation of hydroxyl radical (OH®) which is responsible for the biological damage in
vivo, which

is shown below:

S0D

0, +0,"+2H 5> H0; +0;

Haber-Weiss reaction

0," +H,0, > OH" + OH + O

Fenton reaction

0,° +Fe** o Fe' +0;

Fe** + H,0, > OH® + OH + Fe3'

Besides this, inflammatory cells produce free radicals in several conditions including
infection, injury, trauma, stress or surgery where they are likely to be produced in an
exaggerated manner. FR inflict cell injury either directly by interacting with its structure,
function and genetic activity or by damaging lipids, proteins, carbohydrates and nucleic

acids (Slater, 1984).
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1.1.2- Lipid peroxidation
Lipid peroxidation is one of the major consequences of FR induced oxidative damage.

A FR attacks the polyunsaturated fatty acid residues containing more than one carbon-
carbon double bond in lipoproteins and abstracts a hydrogen atom from a methylene

(-CH,-) group (Fig.1.2). It is chiefly the OH°, which attacks the unsaturated double bond
by entering into the hydrophobic interior of the lipoprotein. The removal of a hydrogen
atom produces a carbon-centered radical which stabilizes by a molecular rearrangement
to form a conjugated diene which shows characteristic absorption at 234nm (Esterbauer
et al., 1989) and combines with oxygen to produce a peroxyl radical. Once peroxyl
radical is formed, it further abstracts a hydrogen atom from an adjacent fatty acid to
produce a carbon-centered radical that it self reacts with oxygen to form another peroxyl
radical. This constitutes the propagation stage of lipid peroxidation.

Lipid hydroperoxides so formed are highly unstable and decompose rapidly to form
secondary products. These include alkanes like ethane and pentane and aldehydes such as
malondialdehyde and 4-hydroxy-2, 3-trans-nonenal. These products are not only toxic by
themselves but also lead to further cellular damage (Steinbrecher et al., 1989). They also

inhibit the anti- proteases leading to extracellular molecular damage.
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1.2 Antioxidants
This FR induced tissue damage in the body is limited by various antioxidants (AO)
(Gutteridge et al., 2000).
1.2.1- Definition and Classification
An AO is defined as a molecule which when present even at relatively low
concentrations, significantly inhibits the oxidation of the substrate. AO are needed to
limit the formation of, and to scavenge free radicals, which are generated in human body.
Endogenous AOs are classified into two groups:
1-Primary AOs: are those, which inhibit the initiation of free radical reactions by
removing FR.These include-
a) Enzymes-which remove FR catalytically. These are superoxide dismutase
(SOD), Glutathione peroxidase (GPx) and catalase.
b) Preventive- minimizes the availability of pro-oxidants such as free metals.
Examples are caeruloplasmin, transferrin, and albumin.

2- Secondary AOs: are those, which stop the chain of reactions by reacting directly with

FR. These are also called scavenging AO or chain breaking AO. This include
a) Water-soluble AOs- ascorbate, bilirubin, urate.
b) Lipid-soluble AOs- tocopherols, ubiquinol, beta-carotene.
Enzymes: These intracellular enzymes catalyse the breakdown of oxidants generated in
situ by cellular metabolism. SOD is a metalloenzyme present in cytoplasm (Cu, Zn form)

and mitochondria (Mn form), which catalyses the dismutation of 0;" to H;0,.
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SOD

02-. o 024 +2H" > H,O; + 02

Catalase and intracellular Se dependent GPx catalyse the conversion of H,0O, to water and
oxygen. Glutathione reductase enables the recycling of the oxidised and reduced forms of
glutathione in the presence of NADPH. GPx is present in the cytosol and mitochondria of
various tissues and catalyses the oxidation of glutathione and the reduction of H20; or

other peroxides. The roles of extracellular GPx and SOD are unclear.
catalase
2H,0, —2H,0 +0,
GPx

H,0, +2GSH — GSSG + 2H,O

Thus these enzymes prevent the interaction of 0,", H,0; and transition metal ions from
producing the highly reactive OH".

Preventive AO: These include the proteins, which sequester the transition metal ions and
prevent the generation of the OH". These include the iron binding protein transferrin and
copper binding proteins albumin and caeruloplasmin. Caeruloplasmin besides having an
important role in Cu transport has ferroxidase action, in which Fe’* is oxidised to Fe’*
ions, scavenging the O, radicals.

Water-soluble AO: Ascorbate (vitaminC) is the most powerful electron donor among

water soluble AO. It is the first plasma AO to be sacrificed upon exposure to oxidative
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stress. The most striking property of ascorbate is its ability to act as a reducing agent.
Ascorbic acid reacts with O,”, peroxyl and hydroxyl radicals to form dehydroascorbic
acid, which is reduced back to ascorbic acid by glutathione reductase and glutathione.
The ascorbate also has pro-oxidant activity by reducing ferric to ferrous, which can then
catalyse the formation of OH", via the Fenton reaction.

Fe*" +ascorbate > Fe?" + ascorbate®

Fe?* +Hy0,— Fe’ +OH +OH"

Urate is also a recognised sacrificial AO. It is produced by the oxidation of hypoxanthine
and xanthine by xanthine oxidase an_d dehydrogenase enzyme. In 1981, Ames pointed out
that urate is a powerful scavenger of RO,", OH® and O, in vitro. Urate also protects
proteins against nitration on addition of peroxynitrite. Other molecules with a minor AO
role include bilirubin and thiol groups. Bilirubin is a powerful scavenger of peroxyl
radicals and singlet O,. Bilirubin bound to albumin can protect both the protein and
albumin-bound fatty acids against FR damage. However, there is little direct evidence
that bilirubin is an important AO in vivo.

Lipid-soluble AO: AO such as tocopherol (vitamin E) and the carotenoids form an
important line of endogenous defence against free radical damage. Vitamin E is the most
important lipid soluble chain-breaking AO and even in the case of severe vitamin E
deficiency, levels of other AOs do not compensate. It prevents lipid peroxidation by
reacting with lipid radicals to form the non-toxic stable tocopherol radical which is
regenerate to tocopherol by ascorbic acid (Halliwell, 1999).

o-TocH +L 0O — a-Toc® +LOH

a- Toc® + Ascorbate— a- TocH + Dehydroascorbic acid

27



Ubiquinol-10 is present in much lower concentration. It is an efficient FR scavenger and
contributes to the regeneration of tocopherol.

Beta-carotene- is a carotenoid that circulates in lipoproteins. It acts as an AO under
conditions of low oxygen tension, eg in tissues, and can decrease lipid peroxidation by
quenching singlet oxygen. The regeneration of carotene radical occurs in the same way as
vitamin E.

Trace elements: also has a role as AOs by virtue of their involvement in enzyme systems,
e.g. SOD (Cu, Zn, Mn) and GPx (Se).

Thus oxidative stress occurs when the production of FR overwhelms the body’s natural
antioxidant defence systems, resulting in oxidative damage to the cells (Polidori MC et

al., 2001).

1.3 Sepsis/Systemic inflammatory response syndrome (SIRS)

1.3.1- Definition

Sepsis or SIRS is the systemic inflammatory response to infection (commonly gram
negative bacteria) or to non-infectious stimuli like trauma, surgery, pancreatitis or
ischemia (American College of Chest Physicians, 1992).

1.3.2-Consequences of sepsis/SIRS

When the systemic inflammatory response is due to a confirmed infectious process it is
termed sepsis (Dellinger et al., 1989). This inflammatory response is local (tumor, rubor,
calor, dolor) or systemic (fever, tachycardia, tachypnea). If this inflammatory response is
not controlled, it can lead to the development of inadequate organ perfusion or multiple

organ dysfunction (Bone et al., 1997). Further, it may be accompanied by hypotension
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unresponsive to fluid therapy, referred to as septic shock, which develops in approx. 40%
of septic patients and adversely affects the prognosis (Bone et al., 1997).

Sepsis or SIRS, along with its consequences, is an increasingly common cause of
morbidity and mortality, particularly in critically ill patients, accounting for 10% to 50%
of the deaths in ITU(Lowry et al.,1994). The mortality rate for those patients who
develop septic shock and multiple organ failure ranges from 20% to 60% (Lowry et al.,
1994).

1.3.3- Role of phagocytic cells in Sepsis/SIRS

When a host tissue is attacked by a pathological insult of either an infectious or
noninfectious nature, an inflammatory reaction can occur resulting in subsequent
clearance of the stimulus by phagocytic cells. The phagocytic cells are the
polymorphonuclear leucocytes, the tissue macrophages and the circulating monocytes.
Upon recognition of a phagocytic or soluble stimulus, both neutrophils and macrophages
experience a "respiratory burst”, which is characterized by an increase in oxygen
consumption, activation of the hexose monophosphate shunt (HMP), and generation of
FR. In vitro studies have shown that during the process of phagocytosis, neutrophils,
monocytes and tissue macrophages release proteasés and oxygen metabolites into the
external tissue environment (Sbarra et al., 1983). The neutrophils and macrophages as

well as having increased O, consumption, secrete both O, and H,0,. The enzyme

system responsible for the increased O, consumption and generation of 0, has been
identified as a membrane associated NADPH oxidase (Babior 1995) which is located

within the lipid bilayer of plasma membrane with only a portion exposed to the
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cytoplasmic surface so that 0," is generated either within or on the external surface of

the plasma membrane.

The NADPH so produced by HMP shunt in the cytoplasm is oxidised by NADPH
oxidase to NADP, the electron released is accepted by Oz, which changes to O,” or a
protonated form (HO,") (Babior 1995).

1.3.4-Haber Weiss reaction and Fenton reaction

When two molecules of Oy" react with each other, one is oxidized and the other is
reduced, forming H,O, and oxygen in a dismutation reaction. Classic Haber-Weiss
reaction involves the further direct reduction of H202 by O, with the formation of OH",
0, and OH (Haber et al., 1934, Weinstein et al., 1979). This reaction occurs very slowly
under most physiological conditions, and it is an unlikely source of significant quantities
of hydroxyl radical. The modified Haber-Weiss reaction, also called Fenton reaction,
occurs rapidly in the presence of transition metal ions where O, reacts with the oxidised
form of the trace metal Fe’* and reduces it to Fe’" and generation of 0," occurs. The
reduced form of the metal (Fe*") then reacts with H20z, regenerating the initial oxidized
metal and forming OH’, OH’(McCord, 2000). The generation of OH" represent an
important mechanism in the potentiation of cell and tissue injury by phagocyte derived

0," (Fig. 1.3).
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Fig. 1.3: Macrophage activation and release of free radicals
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The H,0; is further metabolised by cellular enzymes resulting in production of reactive
metabolites. The most important reaction involves leukocyte myeloperoxidase reacting
with H,0; to form an enzyme substrate complex. This complex oxidises chloride ion
resulting in the formation of the highly reactive toxic product hypochlorous acid (HOCI),
a powerful antibacterial agent (Salvemini et al., 1989) (Fig. 1.3). Additional evidence has
suggested that hydroxyl radical or possibly singlet O> resulting from the interaction of
0," and H,0; is the toxic agent for microorganisms. The production of these cytotoxic
agents is essential for bactericidal activity.

There is concomitant release of nitric oxide (NO) from activated neutrophils and
endothelial cells (May et al., 2004, Beckman et al., 1990, Ignarro et al., 1993) which
reacts avidly with O,", resulting in the formation of peroxynitrite, eventually
decomposing to form OH" radicals, which are highly toxic. The activation of enzyme
xanthine oxidase in endothelial cells also results in the release of 0,", which reacts with
NO (May et al., 2004, Palmer, 1993).

This is a normal physiological response to defend the body against pathogenic stimuli
where there is localisation of inflammatory cells such as neutrophils and macrophages to
the site of infection to initiate the killing of microorganisms. This FR generation is a
critical component of microbial killing by activated neutrophils (Fig. 1.4). Once there is
excessive accumulation of activated neutrophils due to overwhelming inflammatory

stimuli, it results in increased generation of FR and associated tissue damage.
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Fig. 1.4: Bactericidal activity of phagocytes

(Fantone et al. American Journal of Pathology 1982; June: 397-417)
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These FR by attacking PUFA (lipid peroxidation), result in both structural and functional
damage to cell membranes or proteins or DNA (Halliwell, 2003).
Besides this, the lipid peroxidation results in the release of toxic aldehydes like
malondialdehyde and hydrocarbon gases, which can cause severe membrane, damage,
inactivating receptors and membrane bound enzymes. Thus tissue injury occurs either
from the direct effects of the pathogenic stimulus or as a consequence of inflammation.
1.4 Role of endotoxin and inflammatory mediators in SIRS

1.4.1- Release of endotoxin, cytokines and acute phase response
Besides inflammation, endothelial dysfunction is one of the key derangements underlying
sepsis and its sequelae. The cascade of events in sepsis or SIRS is initiated by a focus of
infection or injury and ends with severe endothelial damage, profound hemodynamic
derangements and often death. This septic cascade is initiated by the release of endotoxin
(by gram negative bacteria) into the circulation (Fig.1.5)
Endotoxin (lipopolysaccharide) so released from the bacterial cell wall, induces the
production of soluble mediators from macrophages and mononuclear cells and these
mediators contribute to various sequelae of sepstic cascade. Others like enterotoxin,
toxin-1, and gram positive, viral or fungal antigens or yeast cell-wall products can also
initiate the sepsis cascade (Tracey et al., 1988). Once in the circulation, endotoxin
stimulates the release of a variety of powerful mediators and cytokines such as tumour

necrosis factor (TNF) a, interleukins (IL)-1 JIL-6, IL-8 and platelet activating factor
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(PAF) from mononuclear phagocytes and other cells, including the endothelial cells
themselves (Johnston 1988, Carrigan et al., 2004). Critical illness is associated with a
systemic inflammatory response to injury or infection. This is called the acute phase
response (APR) and comprises a complex combination of physiological and metabolic
events including fever, complement activation, increased metabolic rate and muscle
catabolism. This is recognised at the bedside by a constellation of clinical signs including
fever, tachycardia and tachypnoea. The APR aims to protect the body against injury or
infection and initiate the process of repair of tissues, aimed at returning the body to
normal function. The APR is initiated by a family of polypeptide mediators called
cytokines that regulate the process of inflammation. These cytokines stimulate the
production of liver derived proteins (acute phase proteins), which play a major role in
homeostasis. The acute phase proteins include those whose concentration increases and
negative proteins whose concentration decreases. The positive acute phase proteins
include C-reactive protein (CRP), amyloid A protein, fibrinogen, haptoglobin, anti-
proteases and al-acid glycoprotein where as negative include albumin, pre-albumin and
transferrin. Among the positive acute phase proteins, CRP opsonizes bacteria, fibrinogen
plays a role in coagulation in the homeostatic response to trauma, @ 2-macroglobulin and
@ l-antitrypsin have anti-proteinase activity which curbs excess proteolytic activity
associated with inflammation, haptoglobin binds and removes free haemoglobin and

hemopexin binds haem (Yeh et al., 2004, Shipman et al., 2003).
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Thus acute phase proteins reduce the effect of endotoxic shock, modulate immune
function of NK (natural killer) cells and other cytotoxic cells, macrophage activation and
function. Hence acute phase proteins play a protective role in host response to pathogens.

1.4.2- Role of cytokines in inflammation

As described by Cuthbertson D.P. (1942): the response to injury (infective or non-
infective) to body has two phases ebb and flow phasé. The injury is followed first by an
ebb phase (up to 24 hrs) a period of reduced metabolism, and then flow phase (usually
less than 10 days but longer in severe illness), a period of hypermetabolism. The acute
phase response begins in the ebb phase and it defends the body from invading pathogens
or injury by producing a whole variety of prostaglandins and leukotrienes. The
leukotrienes induce IL-1 production by activated macrophages. Macrophages are
activated by factors released from damaged tissues, or by lipopolysaccharide (LPS)
associated with the cell walls of bacteria invading the host tissue, which results in the
activation of nuclear factor kappa B, a transcription factor, which promotes the synthesis
and release of a variety of cytokines (Ziegler-Heitbrock et al., 1997). The role of
cytokines is to promote recovery in any traumatic or septic situation. They initiate the
process of inflammation and affect a variety of body tissues. The IL-1, 6 and TNF-o
released by activated macrophages stimulate the production of acute phase proteins by
the liver, cortisol and catecholamines by adrenals, and proteolysis in muscle.

Thus they both promote and inhibit particular enzyme pathways and carry out their action
through specific protein receptors at the cell surface. Further cellular action is carried out

through various signal transduction pathways. They protect the body by promoting the
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phagocytosis and release of free radicals by activated macrophages, neutrophils and
monocytes.

[L-land IL-6 activates the T cells to produce interferon, IL-2, IL-4, granulocyte,
monocyte-CSF (Le Roux P, 2004). Several studies have shown that IL-1 plays a central
role in mediating host responses to bacterial infections.

The monocytes are capable of producing [L-1 after exposure to bacterial endotoxin. The
IL-1, on interaction with endothelial cells, promotes procoagulant activity and increases
endothelial cell adhesiveness (Beutler et al., 1985). IL-1 also inhibits tissue plasminogen
activator resulting in the intravascular coagulation observed during acute inflammatory
process. It also enhances the hepatic production of acute phase protiens, which may play
immunoregulatory roles during infection. It has been reported that IL-1 is responsible for
the recruitment of cells such as T lymphocytes, endothelial cells and fibroblasts to
produce granulocyte macrophage colony stimulating activity. IL-1 also stimulates the
generation of PAF (platelet activating factor) and arachidonic acid metabolites that are
the potent vasoactive compounds. Thus IL-1 is one of the important mediators induced by
endotoxin and is responsible for the production of other mediators playing a crucial role
in the host's response to bacterial infections. TNF-a is produced by macrophages in
response to endotoxin. It is identical to the modulator protein Cachectin, and induces the
production of IL1 from both mononuclear cells and endothelial cells. The endothelium, in
response to endotoxin and cytokine releases NO and endothelin-1 (Griffith et al., 2002).
NO relaxes smooth muscle and inhibits platelet aggregation (Harris et al., 1987), whereas
endothelin-1 is a potent vasoconstrictor (Shalaby et al., 1985). If this inflammatory

process is exaggerated, cytokine production increases, stimulating complement and
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coagulation pathway, endothelial permeability, platelet aggregation, and finally excessive
production of ROS. This leads to multiple organ dysfunction and contributes to high
mortality in critically ill patients (Texereau J et al, 2004, Singer et al., 2004). The severity
of inflammation depends on several factors including immune status, genetic factors,
autoimmune disorders, non-infectious agents (trauma, haemorrhagic shock, acute
pancreatitis) and infective stimuli.

The cytokines can be pro-inflammatory cytokines, which promote systemic
inflammation, and anti-inflammatory cytokines that counteract the inflammatory
response. The pro-inflammatory cytokines are IL-1, TNF @, IL-6 and 8. IL-6 receptors
are present in hepatocytes, thereby stimulating the uptake of aminoacids by hepatocytes.
This is consistent with increased synthesis of AP proteins in inflammation. Thus IL-6 is
an important mediator of the APR, which increases the synthesis of AP proteins in liver.
Among the pro-inflammatory cytokines, those of special importance are TNF-o and IL-1.
TNF has a short half-life of 17min where as [L-1beta is found only occasionally in the
plasma of septic patients as it is highly unstable, so estimation is not useful. Both IL-1
and TNF stimulate the synthesis of other proinflammatory cytokines such as IL-6 and 8.
[L-10 and IL-1ra (receptor antagonist) are important immune regulatory cytokines. IL-10
inhibits the macrophage production of TNF, IL-1, 6 and 8 and reduces the severity of
inflammation where as IL-1ra antagonises the activity of IL-1. Also IL-10 decreases
HLA-DR expression on monocytes (Fan H et al., 2004, Koppelman et al., 1997). HLA-
DR is associated with the ability of monocytes 10 present antigens to T-cells. An

overactive anti-inflammatory response may lead to immune suppression, which increases |
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