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The Role of Selenium in Sepsis
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Abstract: Selenium is a key component of many important enzyme systems, including the glutathione peroxidase (GPX)
family of enzymes. Glutathione peroxidases are primarily involved in repairing cell membranes damaged by lipid
peroxidation caused by reactive oxygen species. The glutathione peroxidases may also have an anti-inflammatory role.
Sepsis is known to cause a significant degree of oxidative stress. The selenium containing glutathione peroxidases play an
important role in neutralizing the oxidative damage from sepsis. Selenium supplementation to patients with sepsis shows a
potential to improve important outcomes such as mortality and organ dysfunction. However, larger more definitive trials
are needed to define the optimal dosing and timing of supplementation.
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OXIDATIVE STRESS IN SEPSIS

Reactive oxygen species (ROS) have many diverse roles
in biological systems including the stimulation of cell
proliferation, maintenance of vascular tone, and migration
and signaling of inflammatory cells to sites of inflammation.
Under normal conditions of health, there is a delicate balance
between the ROS, and the body’s scavenging systems for
these potentially harmful mediators. However, significant
oxidative stress occurs during sepsis and septic shock when
there is activation of granulocytes and endothelial cells
resulting in an oxidative burst and overabundance of ROS.
The body’s endogenous antioxidant mechanisms and ROS
scavenging systems are overwhelmed resulting in protein
oxidation, lipid peroxidation leading to cellular membrane
damage, and DNA damage all of which result in irreversible
cellular damage and contribute to the multiple organ
dysfunction observed in sepsis.

The oxidative stress observed in sepsis is evident by
several studies. Total plasma antioxidant capacity (TAC) is a
measure of the cumulative ability of a patient’s antioxidant
systems to scavenge free radicals. Investigators have
demonstrated that while TAC between septic patients and
healthy volunteers are similar, TAC levels decline over time
in the septic patients suggesting a loss in the ability of septic
patients to scavenge the ROS. In vitro studies in which
human umbilical vein endothelial cells are treated with
plasma from patients with septic shock have demonstrated
that high amounts of ROS are produced [1] and intracellular
glutathione stores, the most abundant antioxidant, are
depleted [2]. The amount of ROS produced correlated to the
severity of illness and pretreatment with n-acetylcysteine or
glutathione decreased ROS production and cell death [2].
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Diminished glutathione levels have also been demonstrated
in muscle biopsies from adult patients with sepsis compared
with non-septic controls undergoing hip surgery and that the
degree of mitochondrial dysfunction was highly correlated
with glutathione levels and the patient’s outcome [3].
Diminished glutathione synthesis and subsequently whole
blood glutathione levels have also been observed in septic
pediatric patients [4] .

Serum levels of other antioxidants have also been
demonstrated to be decreased in patients with sepsis. For
example, adult septic patients have significantly lower
concentrations of the antioxidants Vitamin A, Vitamin E,
beta carotene and lycopene compared to healthy controls [S].
In addition, higher levels of thiobarbituric acid-reactive
substances thought to represent increased lipid peroxidation
due to oxidative stress were demonstrated in the septic group
of patients. Increased xanthine oxidase activity has also been
observed in adult patients with sepsis syndrome and multiple
organ dysfunction compared with non-septic ICU patients
and healthy controls. Xanthine oxidase is an enzyme
activated during ischemia reperfusion injury, a process
during which ROS are formed. The patients with sepsis
syndrome also had elevation of other serum markers of
oxidative stress such as malondialdehyde and lipid
peroxidation lending further support that sepsis induced
oxidative stress [6]. Plasma protein carbonyl concentrations,
an indicator of protein oxidation, have also been observed to
be elevated in both patients with sepsis syndrome as well as
trauma patients compared with healthy controls. Protein
carbonyl concentrations in bronchoalveolar (BAL) fluid
were also high in the critically ill patients approaching the
levels seen in plasma. On the other hand, levels of
thiobarbituric acid-reactive substances, indicators of lipid
peroxidation, were not significantly different between septic
patients, trauma patients or healthy controls [7]. Thus,
reactive oxygen species produced during critical illness
result in oxidative damage to proteins both globally, as

2011 Bentham Open



116 The Open Inflammation Journal, 2011, Volume 4

indicated by elevated levels in plasma, as well as within the
lung, as indicated by elevated levels in BAL fluid.

SELENIUM , SELENOPROTEINS, AND SEPSIS

The body has extensive defense mechanisms against the
ROS produced during sepsis and other critical illnesses. One
of these mechanisms involves a group of proteins that utilize
selenium, a trace element that is essential for the formation
of the amino acid selenocysteine. Selenocysteine is a key
component of a number of selenoproteins. Many enzymes
containing selenium have selenocysteine at their active site
and play important roles in maintaining an appropriate
oxidative balance. The first selenoenzymes to be described
belong to the glutathione peroxidase (GPX) family,
(glutathione peroxidases 1 through 4). This family of
selenoenzymes plays an important role as antioxidants as
they convert hydrogen peroxide to water by utilizing
glutathione. Glutathione peroxidases are primarily involved
in repairing cell membranes damaged by lipid peroxidation
caused by reactive oxygen species. The glutathione
peroxidases may also have an anti-inflammatory role (Fig.
1.). Selenium supplementation has been shown in cell culture
models to down regulate NF-xf} transcription, a crucial
mediator in inflammatory pathways. It is postulated that the
mechanism by which selenium down regulates NF-
kp transcription is through the action of the glutathione
peroxidases [8].

Other selenoenzymes include the family of thioredoxin
reductases and iodothryinone deiododinases. The thioredoxin
reductases also play an important antioxidant role by
reducing thioredoxin and are involved in the recycling of
dehydroascorbate to ascorbate (Vitamin C) as well as
ubiquinol to ubiquinone (Coenzyme Q-10). The
iodothyrinone deiododinases are important in the synthesis
of thyroid hormones [9]. In a trial of selenium
supplementation in 41 adults with severe sepsis, the patients
who were randomized to receive selenium had earlier
normalization of their thyroid hormone parameters.
However, the authors did not feel this was a direct effect
from the selenium supplementation. Rather, they felt the
patients were clinically improving and therefore, their
clinical improvement was the cause of their thyroid
parameters [10]. Thus, selenium containing enzymes play a
central role in the host’s strategies to counter the oxidative
stresses of sepsis.
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There are also a number of non-enzymatic selenoproteins
that are involved in regulating selenium levels in the body.
For example, the serum protein selenoprotein P plays an
important role in the distribution of selenium in various
tissues in the body and is a good measure of selenium
nutritional status. There is also evidence that selenoprotein P
may play a role in protecting endothelial cells from oxidative
damage [11]. When selenium deficient rats are given low
doses of diquat, the animals die within hours of liver
necrosis. However, when the rats are given selenium prior to
diquat injection, liver necrosis does not occur. Selenoprotein
P is detected in the plasma shortly after the selenium
injection and is believed to play an important role in
protecting liver endothelial cells.

If selenium plays an important role in the body’s defense
mechanisms against oxidative stress, and sepsis has been
shown to result in an oxidative stress, is selenium
homeostasis altered during sepsis? Several studies appear to
support decreased selenium during sepsis. Serial plasma
selenium concentrations appear to be decreased in critically
ill patients overall; 134 patients admitted to an adult medical
and surgical ICU demonstrated decreased serum levels of
selenium compared to healthy controls [12]. A significant
negative correlation was found between plasma selenium
levels and severity of illness scores, with the most severely
ill patients having the lowest selenium levels. Low selenium
levels also appeared to be associated with an increased risk
of nosocomial infections, organ failure and mortality.
Furthermore, patients with sepsis, SIRS and evidence of
hypoperfusion had the lowest selenium levels [12]. Similar
results were observed in adults with varying degrees of
SIRS, sepsis and septic shock [13]. Serum selenium levels
were low in all groups of patients compared to controls, and
the greatest decrease over time was seen in the patients with
organ failure, particularly in those with infection.

ANTI-OXIDANT THERAPY IN SEPSIS
N-Acetylcysteine

With the accumulating evidence that ROS are elevated in
patients with sepsis, treatment or dietary supplementation
with anti-oxidants to act as oxygen free radical scavengers
might limit the damage caused by ROS. Indeed, several
studies have demonstrated a benefit of anti-oxidants in
critically ill patients. For example, supplementation with the
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glutathione precursor n-acetylcysteine, the most ubiquitous
antioxidant in the human body and a substrate for the
glutathione peroxidase system, has been investigated in
patients with sepsis and lung injury. In a double blinded,
placebo controlled study of 22 septic patients, subjects were
randomized within 4 hours of diagnosis to receive n-
acetylcysteine) or placebo [14]. The most significant
improvements were noted in pulmonary function as the
group treated with N-acetylcysteine had improved
PaO2/FiO2 ratios and static lung compliance at 24 hours
after infusion. In survivors, those who received n-
acetylcysteine had significantly shorter ventilator days
(7.242 days vs 20+7 days, p<0.05). No differences were
observed between the n-acetylcysteine-treated and placebo
groups in several hemodynamic parameters measured by
pulmonary artery catheters or in plasma concentrations of
cytokines including TNF-a, IL-6, IL-8, IL-10, or soluble
TNF-a receptor-p55 [14]. In contrast, cardiac indices as well
as hepatic blood flow and microsomal hepatic function, as
measured by the ability to metabolize lignocaine, were
improved in another randomized study of 60 adults with
septic shock who received either n-acetylcysteine or placebo
[15]. NF-xp activation and IL-8 serum levels were lower
while IL-6 and soluble ICAM-1 serum levels were
unchanged in a study of 20 adults with sepsis [16]. This
provides some insight into the possible mechanism by which
n-acetylcysteine may have an anti-inflammatory influence as
NF-xp is an important initial step in the induction of the
inflammatory cascade.

Clinical trials have also been performed utilizing N-
acetylcysteine along with other anti-oxidant cocktails to
explore potential synergistic effects. For example, Ortolani
et al. randomized 30 patients with septic shock to receive
placebo, glutathione or glutathione with n-acetylcystein
[17]. Lipid peroxidation was measured by both exhaled
ethane and plasma malondialdehyde levels and cell
membrane phospholipid damage was measured by
erythrocyte membrane deformability. Improvement was
observed in all markers of oxidative stress in both treatment
arms, with the most improvement seen in the group receiving
both glutathione and n-acetylcysteine [17]. Hemodynamic
parameters such as heart rate, cardiac index, and systemic
vascular resistance were improved in a cohort of adults with
sepsis who received a combination antioxidant therapy of n-
acetylcysteine, ascorbic acid and o-tocopherol [18]. Basal
vitamin C levels were low and evidence of oxidative stress
such as total lipid peroxides, malondialdehyde, and redox
reactive iron, were elevated in all patients in the study.
Neither patients receiving the antioxidant therapy or placebo
demonstrated an improvement in these measures during the 6
hour time course of the infusion. It is possible that no
improvement was seen in serum markers of oxidative stress
because they were drawn too early. In the study by Ortolani
et al. patients were also given n-acetylcysteine (+/-
glutathione) but markers of oxidative stress were not
evaluated until 3 and 5 days post infusion.

Anti-oxidant Treatment Regimens Containing Selenium

In the past decade, several trials in critically ill patients
have investigated the use of antioxidant cocktails which
include selenium. One of the first of these trials involved 326
adult patients admitted to an ICU with systemic
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inflammatory response syndrome (SIRS). The underlying
etiology for the patient’s SIRS included trauma, surgery or
sepsis. Patients were randomized to standard enteral nutrition
(Osmolite HN) or the study formula which contained
increased levels of omega-3 fatty acids, arginine, beta-
carotene, vitamin E and selenium. While there was no
difference in overall mortality between the 2 study groups,
subgroup analysis demonstrated that in those patients who
tolerated at least 821 mL/day of either standard or study
formula, patients who received study formula had a
decreased length of hospital stay. The greatest benefit
appeared to be in the subgroup of patients with sepsis who
demonstrated not only a decreased length of hospital stay but
also a significant reduction in nosocomial infections [19]. A
second large trial utilizing selenium in the treatment regimen
involved 165 patients requiring mechanical ventilation for
sepsis or septic shock [20]. Patients were randomized to
receive enteral nutrition with a standard formula or a study
formula that contained higher levels of omega-3 fatty acids
and y-linolenic oil, less omega-6 fatty acids, and higher
doses of the antioxidant vitamins E and C and selenium.
Patients receiving the study formula had an improvement in
their mortality rate, oxygenation, ventilator-free days, ICU-
free days, and less development of new organ dysfunction. A
third randomized trial of 55 adults with sepsis evaluated a
study feeding regiment that included increased amounts of
glutamine, butyrate, beta-carotene, vitamins E and C, zinc
and selenium. While there was no improvement observed in
mortality, hospital length of stay or ICU stay, those patients
receiving the study feeding regimen demonstrated
significantly faster improvement of organ dysfunction.
Levels of vitamins C and E, beta-carotene, glycine,
ornithine, serine and arginine were all increased in the study
group as compared to the control group demonstrating an
ability of these critically ill patients to absorb specific enteral
supplements [21].

Clinical trials of antioxidant cocktails have also been
performed in critically ill trauma, burn, and post-operative
surgical patients. In one trial, 41 severely burned patients
were randomized to receive placebo or supplementation with
copper, selenium, and zinc. Patients receiving
supplementation significantly improved plasma and skin
concentrations of selenium, zinc and glutathione peroxidase
and had a significant reduction in nosocomial infections
when compared to placebo [22]. A similar trial included 200
adult patients admitted to the ICU with evidence of organ
failure after major trauma, cardiac surgery or subarachnoid
hemorrhage. Patients were randomized to receive 5 days of
intravenous supplementation with vitamin C, vitamin By,
selenium and zinc or placebo. Patients receiving the study
regimen demonstrated significantly higher levels of
selenium, zinc and glutathione peroxidase compared to the
control group. While levels of the inflammatory marker C-
reactive protein (CRP) were decreased significantly more in
the group receiving the study regimen when compared to the
control group, there were no differences seen in infectious
complications. Furthermore, overall hospital length of stay
was not different between the two groups. However, in the
subgroup of surviving trauma patients, those in the
antioxidant supplementation group demonstrated a shorter
length of hospital stay [23]. Recently a large, retrospective
review was reported of adults with trauma before and after
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the initiation of protocolized administration of an antioxidant
cocktail containing ascorbic acid, a-tocopherol and selenium
to all acutely injured patients [24]. Patients who were
admitted after the implementation of the antioxidant protocol
had improved outcomes including hospital mortality, length
of ICU stay and length of hospital stay, with the most
significant improvements noted in the sickest patients with a
probability of survival <50% [24].

Thus, sizable clinical trials in critically ill adults have
been performed that appear to demonstrate a clinically
meaningful improvement in those patients receiving
supplementation with antioxidant regimens that contain
selenium. However, it may be impossible to ascertain the
role of selenium in the outcome of these trials or the benefit
of selenium itself because of the variations seen in the
treatment regimens.

A few studies exist in both animal models of sepsis as
well as human studies, however, in which the primary
treatment regimen was selenium. For example, in a sheep
model of sepsis, animals treated with a bolus of selenium 9
hours after induction of peritonitis had improved
hemodynamic parameters and prolonged survival time
compared to animals given a continuous infusion of
selenium or placebo [25]. Human trials are also beginning to
demonstrate improvement in a variety of outcomes. A
randomized placebo controlled trial of selenium
supplementation in 42 adult patients with SIRS demonstrated
significantly higher selenium levels and glutathione
peroxidase activity after 3 days of supplementation when
compared to the placebo group [26]. While there was no
difference noted in the overall mortality between the two
groups, the severity of illness scores improved significantly
in the selenium treated group. Recently, a larger randomized,
placebo controlled trial of selenium supplementation in
adults with SIRS, sepsis and septic shock demonstrated a
reduced 28-day mortality rate (42.4% vs 56.7% in the
placebo group; p=.049) [27]. Patients were randomized to
receive placebo or selenium as an initial bolus of 1000 ug
over 30 minutes followed by 14 daily continuous infusions
of 1000 ug/day. Patients in the selenium-supplemented
group had selenium levels and glutathione peroxidase-3
activity in the upper normal range throughout the treatment
time while patients in the placebo group had significantly
lower levels throughout the course of the study. The largest
difference in the 28-day mortality was seen in the most
critically ill patients: those with septic shock and
disseminated intravascular coagulation, patients with
APACHE 1II scores > 102, or patients with > 3 organ
dysfunction [27]. However, not all clinical trials utilizing
selenium in critically ill patients have demonstrated a
benefit. Sixty adults with severe septic shock were
randomized to receive placebo or selenium supplementation
of 4000 ug by continuous infusion on the first day followed
by 1000 ng/day by continuous infusion for the subsequent 9
days [28]. No difference was found between the two groups
in mortality, hospital length of stay, rates of organ failure or
nosocomial infections. The lack of benefit in the selenium-
treated group may have been due to a less than optimal
dosing schedule, and this protocol did not use an initial bolus
dose as many other trials showing benefit utilized. It has
been suggested that the initial bolus may down regulate NF-
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kf resulting in decreased production of inflammatory
cytokines.

CONCLUSION

Oxidative stress during sepsis results in a number of
reactive oxygen species that augment the molecular and
cellular damage that occurs and can lead to multiorgan
system failure. The host defense mechanisms against these
oxidative stresses appear to be attenuated during sepsis.
Supplementation of antioxidants, particularly selenium, is a
potentially promising adjunctive therapy for patients with
SIRS, sepsis and septic shock. It may play an important role
both as an antioxidant through the glutathione peroxidase
system and as an inhibitor of NF-xf3. Optimal dosing has yet
to be determined in adults and no clinical trials in children
with sepsis have yet to be performed. Further studies,
particularly in children, are necessary to determine whether
these early promising results utilizing selenium and other
antioxidants prove to be beneficial in large randomized,
placebo controlled trials.
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