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Abstract

Septic shock is a life threatening condition that can
develop subsequent to infection. Mortality can reach
as high as 80% with over 150000 deaths yearly in the
United States alone. Septic shock causes progressive
failure of vital homeostatic mechanisms culminating in
immunosuppression, coagulopathy and microvascular
dysfunction which can lead to refractory hypotension,
organ failure and death. The hypermetabolic response
that accompanies a systemic inflammatory reaction
places high demands upon stored nutritional resources.
A crucial element that can become depleted early dur-
ing the progression to septic shock is glutathione. Glu-
tathione is chiefly responsible for supplying reducing
equivalents to neutralize hydrogen peroxide, a toxic
oxidizing agent that is produced during normal metabo-
lism. Without glutathione, hydrogen peroxide can rise
to toxic levels in tissues and blood where it can cause
severe oxidative injury to organs and to the microvas-
culature. Continued exposure can result in microvascu-
lar dysfunction, capillary leakage and septic shock. It is
the aim of this paper to present evidence that elevated
systemic levels of hydrogen peroxide are present in
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septic shock victims and that it significantly contributes
to the development and progression of this frequently
lethal condition.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Septic shock; Hydrogen peroxide; Hyper-
metabolic; Sepsis; Systemic inflammatory response
syndrome

Core tip: For decades septic shock has been attributed
to an over-active immune response. However, immune
modulation has failed to reduce mortality, casting doubt
on a direct causal role for the immune response in the
development of septic shock. A closer look suggests
that septic shock is the result of a generalized build-up
of hydrogen peroxide, a toxic cellular by-product gener-
ated as a consequence of the hypermetabolic state that
accompanies a systemic immune response. This finding
points to the systemic accumulation of hydrogen per-
oxide as a significant risk factor for the development of
septic and non-septic shock syndromes.

Pravda J. Metabolic theory of septic shock. World J Crit Care
Med 2014; 3(2): 45-54 Available from: URL: http://www.
wjgnet.com/2220-3141/full/v3/i2/45.htm DOI: http://dx.doi.
org/10.5492/wjcem.v3.i2.45

INTRODUCTION

Sepsis is a life threatening condition that is associated
with a systemic inflammatory response to a microbial in-
fection!. Sepsis is the most common cause of mortality
in the intensive care unit with a fatality rate that can rise
to 80% for those developing multiple organ failure. The
progression of an exaggerated systemic inflammatory
response is thought to be responsible for the eventual
development of septic shock and death”. However, mul-
tiple therapeutic efforts aimed at controlling the immune
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response with the intent of interrupting the process lead-
ing to organ failure have been uniformly unsuccessful'.
This simple fact has prompted a reappraisal of the role
played by the immune system in the development of this
condition that kills more than 150000 Americans yeatly;
more than breast, colon, prostate and brain cancer com-
bined"¥.

Although immune activation is clearly evident, recent
evidence suggests that the immune response may not
be the direct mediator of the pathologic process that
leads to septic shock. Studies conducted to define the
circulating leukocyte transcriptome have revealed that
there is no qualitative difference in the immunogenetic
response when comparing burn or blunt trauma patients
with complicated or uncomplicated outcomes. In other
words, severely injured patients who die from their inju-
ries have the same immunogenetic response as patients
who recover; the only difference being the duration and
intensity of systemic inflammation”.

The lack of a unique immunogenetic response sug-
gests that septic shock is the phenotypic expression of
a separate process that is initiated simultaneously with
systemic immune activation. The multiple organ involve-
ment, which can lead to death within a few days, sug-
gests that this concomitant process is systemic in nature
and initiated in parallel with inflammatory response.
Moreover, the microvascular edema associated with
multiple organ failure, which persists despite efforts at
immunosuppression, suggests that a non-immune medi-
ated angiopathic agent is being released into the systemic
circulation'.

The high (8%) increased mortality rate for each hour
of delay before instituting antibiotics after the onset of
hypotension suggests that the duration of this parallel
process is closely linked with a greater risk of an adverse
outcome and down regulating the immune response with
successful therapy simply allows this parallel process to
turn off”.

In other words, survival is closely correlated with
the early down regulation of a systemic process closely
linked to systemic immune activation suggesting deple-
tion of a crucial biochemical element that is critical for
survival. Put differently, if catabasis (immune down
regulation) is achieved by successful antibiotic therapy
prior to depletion of this critical element the patient will
survive, if not the patient is at high risk for organ failure,
septic shock and death.

HYPERMETABOLIC RESPONSE

A key systemic process that is turned on and up-regulated
with systemic inflammation is cellular metabolism, which
becomes hypermetabolic from the onset of sepsism. The
sustained high fever, highly amplified protein synthesis,
tachycardia and tachypnea characteristic of a septic im-
mune response requires supra-physiological energy sup-
plies. It is estimated that basal energy requirements for a
septic patient can reach up to 10000 calories daily®. This
hypermetabolic state not only requires increased nutrient
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intake but also generates a large amount of toxic cellular
by-products as a result of increased electron transport
chain (ETC) activity required to synthesize sufficient
adenosine triphosphate (ATP) to support a prolonged
hypermetabolic state. This critical need for supplemental
nutrients often cannot be met as it occurs at a time when
caloric intake is curtailed as a result of the severe illness
afflicting the patientm. This suggests the progressive
depletion of an element whose principal function is to
metabolize a toxic cellular waste product that, upon ac-
cumulation, leads to organ dysfunction, microangiopathic
edema and refractory hypotension, the characteristic
pathologic findings in septic shock.

An important toxic product that is continuously
generated as a result of cellular metabolism is hydrogen
peroxide (H202), which is formed as a result of several
metabolic activities including protein synthesis (disulfide
bond formation), DNA recycling (Xanthine oxidase),
ATP synthesis (ETC activity) and fatty acid oxidation
(peroxisomal metabolism)[gm. Most H202 is degraded to
water via the enzymatic action of glutathione peroxidase
(GPx), a selenium containing enzyme that has an obli-
gate requirement for the co-factor glutathione (GSH) in
order to metabolize H202. The biochemical reaction is:
2 GSH + H202 — GS-SG + 2H20 in which two mol-
ecules of GSH are converted to one molecule of gluta-
thione disulfide (GS-SG) and two molecules of watet.
Glutathione is consumed during this process and must
be replenished in order for the cell to prevent accumula-
tion of H20:2 to toxic levels"™.

Replenishment of glutathione, however, is not fa-
vored during periods of sustained hypermetabolism and
caloric insufficiency, which frequently accompany critical
illnesses such as sepsis leading to depletion of glutathi-
one reserves.

Within 48 h of diagnosis critically ill children with
sepsis were found to have a 60% decrease in whole
blood GSH synthesis, suggesting depletion of whole
body GSH stores™'". Systemic GSH depletion is sup-
ported by studies showing over 50% decrease in lung
and skeletal muscle GSH in septic and critically ill pa-

. 17,18
tlents[ 18]

. The critical importance of glutathione was
demonstrated by a study which documented significantly
decreased erythrocyte glutathione in septic non-survivors
vs survivors (P < 0.0001)"™. This suggests high levels of
circulating H20O2 capable of permeating erythrocyte cell
membranes and oxidizing (and depleting) intracellular
glutathione in septic shock non-survivors. Elegant studies
have also demonstrated a significantly higher mitochon-
drial respiratory rate in non-survivors at three months
following sepsis suggesting that failure to down regulate
the hypermetabolic state (and excess H2Oz2 production) is
independently associated with higher mortality even after
surviving the initial infectious insult™.

Generalized depletion of body stores can result in
cellular deficiency of GSH leading to a toxic accumula-
tion of H202. A highly toxic oxidizing agent, H20: is
the principal mediator of cellular oxidative damage. It
does so by generating hydroxyl radical (OH*), the most
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Figure 1 Septic shock begins with a systemic inflammatory reaction to an
infection. A contemporaneous increase in metabolism is initiated, which can
deplete reserves of critical nutrients such as glutathione. Glutathione is crucial
for the neutralization of H20z, a toxic, membrane-permeable oxidizing agent gen-
erated as a by-product of cellular metabolism. Depletion of cellular glutathione
results in elevation of H202 which can diffuse out of organ parenchymal cells and
into capillary endothelium before reaching the bloodstream. Once in the systemic
circulation, excess Hz02 is distributed throughout the body resulting in systemic
oxidative damage to plasma components, organs and blood vessels. The net
result is H202 induced coagulopathy, immunocyte apoptosis and microvascular
dysfunction leading to disseminated intravascular coagulation, immunosuppres-
sion, organ failure and septic shock respectively. H202 inhibits GPx and catalase,
which are critical anti-oxidant enzymes required for H202 neutralization. This
prevents restoration of normal plasma and tissue redox balance while exacer-
bating oxidative tissue damage. H20:2 can also activate nuclear factor-kB (NF-
«B) contributing to the inappropriate activation of this master pro-inflammatory
transcription factor observed in septic shock. The pathologic activation of NF-kB
contributes to elevated tumor necrosis factor-alpha levels, another potent gen-
erator of intracellular H2O2. GPx: Glutathione peroxidase.

potent reactive oxygen radical known in biological sys-
tems. Hydroxyl radical will indiscriminately disintegrate
proteins, peroxidize lipids and oxidatively damage DNA
leading to cell death™*,

Compounding the cellular cytotoxicity of HaOz is its
ability to freely diffuse through biological membranes
allowing it to permeate other cellular compartments
and diffuse to the extracellular space from where it can
pass through the capillary endothelium into the blood
stream!"*?). Thus, the end result of a systemic GSH de-
ficiency is the systematic discharge of excess H20: by all
organs of the body into the bloodstream where it can
damage distant capillary beds leading to systemic micro-
circulatory dysfunction, microangiopathic edema and
refractory hypotension, a hallmark of septic shock.

This is supported by studies showing decreased hu-
man endothelial cell levels of GSH and eventual death
after in vitro exposure to plasma from septic shock

K

Gz
Raishideng®

WJCCM | www.wjgnet.com

47

Pravda J. Metabolic theory of septic shock

patientsm. This implies a membrane diffusible agent
capable of oxidizing intracellular GSH suggesting that a
toxic level of plasma H2O: was the offending oxidizing
agent mediating this effect. This is consistent with the
well documented oxidative damage and dose dependent
cytotoxicity that occurs during human endothelial cell
exposure to H20227,

In other studies high levels of urinary H202 were
found to correlate with a fatal outcome in patients with
sepsis and adult respiratory distress syndrome suggesting
an important role for H2Oz2 in the pathogenesis of septic
shock”’. Taken together the evidence suggests that H2O2
exerts a significant microangiopathic effect contributing
to the development of microcirculatory dysfunction and
the progression to refractory hypotension and fatal sep-
tic shock.

MECHANISM OF DISEASE

The above evidence supports a pathogenesis of septic
shock which is initiated by the systemic depletion of glu-
tathione as the crucial event responsible for the accumu-
lation of H20:2 in tissues. Subsequent diffusion of H20:
into the blood stream leads to systemic elevation of this
highly toxic oxidizing agent resulting in the microvascular
dysfunction and organ failure observed in septic shock
(Figure 1).

At the onset, a systemic inflammatory response is ac-
companied by a generalized hypermetabolic state which
provides the energy needed to sustain the highly up-
regulated immune response switched on by the presence
of a pathogen. The abrupt global increase of cellular
bioenergetic reactions to several times their normal basal
state presents the cell with a surge of toxic metabolic by-
products that must be neutralized to avoid accumulation
and cell death. Hydrogen peroxide, a toxic reactive oxy-
gen species, is a significant metabolic by-product that is
generated in increased amounts when cellular processes
such as protein synthesis, DNA recycling and ATP pro-
duction are upregulated during periods of hypermetabo-
lism that accompany systemic inflammation.

The majority of cellular H20: is neutralized by GPx,
a selenium containing enzyme, which utilizes the tri-
peptide co-factor glutathione as a donor of reducing
equivalents during the enzymatic conversion of H202
to water. GSH is consumed in this reaction and must be
replenished in order to prevent accumulation of H202
within the cell. However, during periods of high H2Oz
production the availability of glutathione may be insuf-
ficient to keep up with demand leading to net H202 ac-
cumulation and glutathione depletion resulting in severe
cellular dysfunction and organ failure.

Excess H202 can easily diffuse out of pericapillary
parenchymal cells through capillary endothelium and
into the blood stream. This augments endothelial gener-
ated H20: resulting in oxidative damage and microan-
giopathic dysfunction. The inability to buffer cellular
H:0: signals a systemic failure of reductive (anti-oxidant)
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capacity as the excess oxidant load is discharged into the
blood stream. Over time plasma reductive capacity is
exhausted leading to severe disruption in plasma redox
potential, which studies have shown is strongly associ-

ated with an unfavorable outcome™.

HYDROGEN PEROXIDE CAN REPRODUCE
CLINICAL ABNORMALITIES OBSERVED
IN SEPTIC SHOCK

Microcirculatory dysfunction
The capillary bed is not simply a conduit for the passage
of cells. It is a highly dynamic and integrated system of
endothelial cells that continuously interacts with its sur-
rounding environment through a variety of displayed
receptors and elaborated mediators whose functions in-
cludes vasoregulation, coagulation factors, barrier mainte-
nance, immune cell recruitment and oxygen transport”,
Microcirculatory dysfunction is now considered to play a
central role in the pathogenesis of sepsis and microvas-
cular leakage has a defining role in its outcome™*’.,
Histological analysis of microvasculature in a baboon
model of lethal Escherichia coli (E. coli) sepsis revealed
large gaps between endothelial cells accompanied by a
significant increase in endothelial permeabﬂityp’o’m. These
changes are also observed upon exposure of human
umbilical vein endothelial cells (HUVEC) to H20z2. Stud-
ies have demonstrated an 18x increase (from 20 to 360
gaps/mm’) in inter-endothelial cell gaps within 30 min
of HUVEC exposure to H202. A time and dose depen-
dent H20: induced endothelial contraction to about 60%

32,33
of normal planar surface area was also observed”.

This provides a microanatomical basis by which excess
H20: can account for the life threatening massive edema
observed both in humans and experimental models of
sepsism‘so].

Accompanying endothelial cell retraction during
H20: exposure is the loss of tight junction proteins at
the sites of gap formation, which strongly correlated
with increased paracellular permeability™**. Exten-
sive cytoskeletal disruption and rearrangement was
also shown to occur after endothelial cell exposure to
H202""" Endothelial shape changes have been ob-
served to occur in experimental models of sepsis and
several studies have reported these pathological changes
upon endothelial cell exposure to HaO2*"**,

The net effect of continuous H20:2 exposure on the
systemic microvasculature is severe disruption. Barrier
function is compromised, intercellular communication is
blunted and signal transduction is abrogated. This leads
to microvascular edema, arteriovenous shunts and vaso-
dysregulation as a result of cumulative oxidative damage
sustained from continued penetration of H20:2 into en-
dothelial cells. This is supported by studies of low dose
H202 perfusion into isolated rat lung, which increased
pulmonary vascular bed permeability and capillary filtra-
tion coefficient!",

Studies of bovine brain microvascular endothelial
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cells exposed to H20: revealed increased paracellular
permeability of the blood brain barrier (BBB) with loss
of tight junctional proteins 44", H0: can by-pass the
normally protective BBB by simply diffusing into tissues
and cells". This can result in dysfunction of cerebral
microvasculature and could account for the early mental
changes observed in patients with sepsis as a result of

. . . . g
1rnpa1red synaptlc transmlsslon[ ].

Immune activation

Numerous genes are activated during a systemic immune
response in a critically ill or septic individual. Studies in
healthy human volunteers receiving low dose endotoxin
identified over 4500 activated genes, most of which were
involved in the innate or adaptive immune response (5) ol
The simultaneous activation of this many genes is facili-
tated by preformed cytoplasmic signal transcription fac-
tors that serve as rapid response mediators to injury and
infection. Nuclear factor kappa B (NF-kB) is a transcrip-
tion factor that plays a central role in the activation and
regulation of multiple genes that control immune and
inflammatory reactions'™. NF-B is significantly elevated
in adults and children with sepsis[%’m. NF-kB is also a
highly redox sensitive transcription factor capable of be-
ing activated by low levels of H20:"" and has been pro-
posed as a biomarker for oxidative stress” ', This suggests
that high levels of ambient H2O2 may be involved in the
inappropriate activation of NF-kB observed in septic
shock™®!.

A central role for the innate immune system is sug-
gested by the neutrophilic infiltration into multiple
organs observed in septic shock!™. H>0: is a highly
potent neutrophilic chemo-attractant that can establish
a chemotactic gradient as it diffuses out of parenchymal
cells into the adjacent microvasculature. Circulating neu-
trophils can track this H2O2 gradient and enter the organ
parenchyma zia diapedesis. The net result is neutrophil

5254]

infiltration into the parenchyma of multiple organs[ .

Coagulopathy
Intravascular activation of the coagulation cascade with
generation of fibrin and formation of diffuse microvas-
cular thrombi is a pathologic and physiologic hallmark of
sepsis”. This presents clinically as disseminated intravas-
cular coagulation (DIC) and is found in up to 50% of pa-
tients with sepsism. DIC leads to abnormal bleeding and
intravascular clotting, obstructing limb and organ blood
flow, and is a strong predictor of mortality™.
Endothelial derived tissue factor (TF) is the major
physiological route by which fibrin generation is initiated
in sepsis. Importantly, this process is triggered only at
sites of vascular injury or endothelial disruption where
plasma clotting factors can encounter the TF protein
that activates this extrinsic clotting pathwayl%m. Studies
utilizing immunohistochemistry in a lethal E. ¢co/i baboon
sepsis model preferentially localized TF and TF mRNA
at arterial branch areas, which is compatible with en-
hanced contact by a plasma derived oxidizing agent (e.g.,
H202) at these sites of altered blood flow'™.
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H202 can induce vascular injury by peroxidation of
cell membrane lipids and studies have shown a marked
increase in endothelial cell TF and TF mRNA after 1
and 5 min exposure to Xanthine oxidase, a H202 gener-
ating enzyme'"™. This indicates that TF is highly sensi-
tive to H202 induced upregulation, which suggests with
a contributory role for H20z2 in sepsis- associated DIC.
Consistent with this mechanism is a case report describ-
ing a fatal case of sepsis with DIC and multiorgan failure
in a previously healthy 37-year-old man after receiving

) . . 59
several intravenous infusions of H202"",

Immunosuppression

Septic patients experience a considerable decline in lym-
phocyte numbers through apoptosis in the latter stages
of sepsis and this is a significant contributing factor to
the immunosuppression experienced by septic individu-
als™, Studies have shown that H20z is a potent apoptosis
inducing agent[ﬁﬂ. B lymphocytes treated with agents
that inhibit GSH synthesis experience a 95% decline in
GSH concentration in 12 h. This is followed by a rise in
intracellular H2Oz2 after which apoptosis occurs. By 72 h
nearly 50% of B cells have died »ia apoptosismz]. T cells
are also highly sensitive to the effects of GSH depletion.
Studies have recorded a 30% decline in circulating T' lym-
phocytes within 4 wk after glutathione levels declined to
suboptimal levels in healthy volunteers'®”. This supports
a role for H202 in the development of sepsis induced im-
munosuppression.

Erythrocyte rigidity

Red blood cell deformability is markedly reduced in sep-
sis and studies have demonstrated a significant reduction
in red blood cell deformability upon exposure to H202*".,
A direct relationship was found between oxidant induced
changes in erythrocyte deformability and severity of
multi-organ failure in septic individuals'®. This suggests
that plasma derived H20z2 is a source of oxidant-induced
RBC membrane damage.

Circulating endothelial cells

Circulating endothelial cells (CEC) are a reliable, sensi-
tive and specific indicator of vascular damagem]. These
cells rarely exist in the peripheral blood of healthy indi-
viduals®”. Patients with s evere sepsis and septic shock
have significantly higher numbers of CECs indicating
widespread vascular damagem’wj. Studies have shown that
human endothelial cell detachment is produced by expo-
sure to H202"), The presence of CECs in patients with
sepsis but without shock suggests that endothelial dam-
age precedes the development of organ damagel(’gj. This
is compatible with H>Oz release from organ parenchymal
cells into the capillary vascular bed causing microvascular
dysfunction and edema with subsequent development of
organ failure.

Sepsis associated encephalopathy
Sepsis associated encephalopathy (SAE) is a diffuse ce-
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rebral dysfunction occurring in the setting of sepsis but
without direct infection of the central nervous system!”".
SAE is characterized by alterations in mental status and
motor activity that can range from inattention, disorienta-
tion and delirium to agitation, hypoactivity and coma'"",
Delirium is frequently the first manifestation of sepsis
and often precedes organ failure™™, SAE is reported to
occur in up to 70% of septic patients (71).

Neurons are especially sensitive to H202 induced oxi-
dative damage. Studies have shown a concentration de-
pendent cell death starting at 10 prnol/ L. when neurons
are exposed to H>0."". The tripeptide glutathione is
critically important in order to prevent oxidative damage
of the brain due to H202"". Glutathione is composed
of amino acids glycine, cysteine and glutamate. Cysteine
is the rate limiting substrate for neuronal glutathione
synthesis and transsulfuration of homocysteine is a ma-
jor source of cysteine in most cells. However, the brain’
s neuronal transsulfuration pathway is thought to be a
negligible source of cysteine due to low activity of neu-
ronal cystathionine-gamma-lyase (EC 4.4.1.1), a crucial
enzyme in the transsulfurationn pathway leading to the
synthesis of cysteine ", Neurons, therefore, rely mainly
on the absorption of extracellular cysteine provided by
astrocytes for the synthesis of glutathionem. Thus, the
dependence of brain neurons on extracellular cysteine
in order to synthesize glutathione severely limits their
ability to upregulate antioxidant defenses in response to
H202 mediated oxidative stress. This makes brain neu-
rons highly vulnerable to H202 oxidative damage and
dysfunction. This is consistent with the encephalopathy
that is reported to occur after accidental ingestion of
H20:", Encephalopathy was also a manifestation after
intravenous administration of H202 during alternative
medicine therapym].

The main interaction site of neurons and astrocytes
is the synaptic cleft™. Astrocytes export glutathione di-
rectly into the synaptic cleft. Ectoenzymes present in the
synapse enzymatically release cysteine from glutathione
after which cysteine is transported into neurons by the
membrane bound EAAT3 transporter (excitatory amino
acid transporter 3)", H202 can react non-enzymatical-
ly with cysteine in the synaptic cleft to produce cystine®”
This removes cysteine from the synapse and prevents its
importation into the neuron resulting in oxidative stress
by decreasing the synthesis of neuronal glutathione. The
presence of thiols (Ze., cysteine) in the synaptic cleft sug-
gests that this region can function as a sink for H2Oz re-
sulting in disruption of synaptic transmission as a result
of peroxidation of synaptic cellular membranes.

Thus, circulating H20Oz2 can permeate the brain dur-
ing the initial hypermetabolic systemic inflammatory
response syndrome (SIRS) phase of sepsis and disrupt
brain function in the early stages of disease. Due to their
limited capacity to detoxify H20z, brain neurons are
the first cells to be affected by H202 induced oxidative
stress””. This is consistent with the observation that en-
cephalopathy is often the first sign of sepsis.
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Figure 2 Pathologically elevated serum H:02 levels can account for the
general physiological, histological and clinical abnormalities observed in
septic shock. Red blood cell glutathione accounts for a major portion of serum
redox buffering capacity and is depleted in septic shock non-survivors vs. sur-
vivors. Brain neuron function is highly vulnerable to H20: oxidative stress and
is manifested by electroencephalographic changes, which can appear before
clinical encephalopathy is evident. Studies show that septic shock survivors
upregulate serum antioxidant capacity (which decreases Hz02), while non-
survivors are unable to do so. This suggests that elevated Hz02 is a necessary
concomitant to the development of septic shock and recovery is preceded by
decreasing H202. The individual clinical course, bookended by these extremes
of H202, is influenced by parameters such as individual antioxidant capacity,
susceptibility to oxidative stress, co-morbidities, age, general health and organ
system involved.

LACTIC ACIDOSIS

Sepsis related lactic acidosis is generally attributed to tis-

sue hypoxia. Although tissue hypoxia can result in lactic
acidosis it is unsuitable as a general mechanism to explain
the appearance of lactic acidosis in septic patients when
tissue oxygenation can be normal or even increased"™”.

Under normal circumstances pyruvate, the end prod-
uct of glycolysis in the cytoplasm, is transported into mi-
tochondria where it is oxidized by the Krebs cycle. Lac-
tate synthesis increases when the rate of pyruvate for-
mation in the cytoplasm exceeds its rate of oxidation by
the mitochondria. The excess pyruvate in the cytoplasm
is then converted to lactate by lactate dehydrogenase and
released into the blood stream resulting in lactic acidosis.

Inhibition of Krebs cycle enzymes will decrease
pyruvate oxidation resulting in lactic acidosis. This has
been observed with inherited deficiency of alpha-keto-
glutarate dehydrogenase resulting in severe congenital
lactic acidosis™. Alpha-ketoglutarate dehydrogenase is
also highly sensitive to oxidative inhibition by hydrogen
peroxide[87]. Rising systemic concentrations of H202 in
sepsis can account for the observed lactic acidosis with
normal tissue oxygen perfusion. This has been termed
cytopathic hypoxia. In this case the lactic acidosis is an
epiphenomenon of a much more serious underlying
metabolic abnormality and treatment of the acidosis
does not resolve the inhibition of the Krebs cycle.

DISCUSSION

A hypermetabolic state can develop very quickely after
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a generalized septic or non-septic insult to the body. At
the heart of the hypermetabolic state is a significantly
increased bioenergetic response resulting mainly from
enhanced ETC activity. The ETC is an assembly of intra-
mitochondrial protein complexes that converts the en-
ergy of high-energy electrons into a form that is used to
synthesize ATP, a high energy molecule that powers most
energy requiring biosynthetic reactions and physiologi-
cal functions. Thus, the high energy demands of body
systems resulting from a generalized septic or non-septic
insult are principally met by increased ATP production,
which is manifested as a hypermetabolic state and recog-
nized by the same parameters used to define a SIRS such
as increased body temperature, heart rate, respiratory rate
and increased white blood cell count.

A principle metabolic by-product of ETC activity is
hydrogen peroxide; a highly toxic oxidizing agent. Hy-
drogen peroxide is produced when electrons spontane-
ously escape from the ETC and combine with available
vicinal oxygen to generate superoxide that is enzymati-
cally converted to H202 by superoxide dismutase. The
increased amount of H202 generated during a hyper-
metabolic state can overwhelm the cell’s anti-oxidant
enzymatic defenses resulting in net intracellular H2O2 ac-
cumulation. The excess H202 can oxidatively inhibit en-
zyme systems including those needed to neutralize H202
resulting in a positive bio-feedback loop and a vicious
cycle of ever increasing intracellular H>0:". Glutathi-
one functions as a cofactor for GPx, which enzymatical-
ly neutralizes H2O2. GPx is inhibited by the rising con-
centrations of H20z2, which explains why exogenously
supplied N-acetylcysteine has no effect on the course of
septic shock since glutathione cannot be utilized by GPx
to neutralize H202",

Hydrogen peroxide is biomembrane permeable and
can diffuse into the bloodstream where it is distributed
to all organs of the body generating a state of severe
systemic oxidative stress. Studies have documented
high levels of H20: in the blood and urine of septic
patients[27’90]. This can result in the multi-organ failure
and microangiopathic dysfunction characteristic of
septic shock. Genetic variation in glutathione levels as
well as age related decline has been reportedm%]. This
may compromise the ability to neutralize H2O2 and pre-
dispose individuals to vasoplegic (i.e., septic) shock and
multi-organ failure during acute hypermetabolic periods,
especially in older individuals. Studies have shown that
glutathione is essential for cell survivall ™,

CONCLUSION

Taken together, the evidence suggests that septic shock
is a primary radical induction process that has its origins
eatly in the development of sepsis with the accumulation
and generalized dispersal of cytotoxic levels of H20..
This arises secondary to glutathione depletion as a result
of a systemic inflammatory mediated hypermetabolic
state. Studies have shown that systemic inflammation sig-
nificantly reduces GSH levels, and GSH deficient animals
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subjected to shock develop hypotension, kidney and liver
failure, increased organ bacteria and dramatic increases in
mortality rates” "\

The near universal requirement of glutathione for
cellular function and the pathological accumulation of
H20: that ensues when glutathione is deficient can affect
every organ in the body. Studies have shown that H202
can reproduce the clinico-pathological abnormalities ob-
served in septic shock (Figure 2).

Kept in check, the high membrane diffusability of
H20: allows it to fulfill its physiological role as a cellular
messenger but also creates the potential for a pathophys-
iological response during times of metabolic stress when
reductive (anti-oxidant) mechanisms can become ovet-
whelmed as a consequence of hyper-metabolic H20:
production™. This is further exacerbated by nutritional
deficits that may arise during the course of acute illness
in addition to the effect of glutathione deficiency itself,
which as master antioxidant of the cell, supplies reduc-
ing equivalents to maintain proteins in their reduced (and

functional) state!™,

REFERENCES

1  Goldenberg NM, Steinberg BE, Slutsky AS, Lee WL. Broken
barriers: a new take on sepsis pathogenesis. Sci Transl Med
2011; 3: 88ps25 [PMID: 21697528 DOI: 10.1126/ scitrans-
Imed.3002011]

2 Marshall JC, Vincent JL, Guyatt G, Angus DC, Abra-
ham E, Bernard G, Bombardier C, Calandra T, Jergensen
HS, Sylvester R, Boers M. Outcome measures for clinical
research in sepsis: a report of the 2nd Cambridge Col-
loquium of the International Sepsis Forum. Crit Care Med
2005; 33: 1708-1716 [PMID: 16096445 DOI: 10.1097/01.
CCM.0000174478.70338.03]

3 Melamed A, Sorvillo F]. The burden of sepsis-associated
mortality in the United States from 1999 to 2005: an analy-
sis of multiple-cause-of-death data. Crit Care 2009; 13: R28
[PMID: 19250547 DOI: 10.1186/ cc7733]

4  American Cancer Society, Surveillance Research. Esti-
mated New Cancer Cases and Deaths by Sex for All Sites,
US, 2011. Available from: URL: http:/ /seer.cancer.gov/
csr/1975_2008 / results_single/sect_01_table.01.pdf Accessed
20/Jan/2014

5 Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, Gao
H, Hayden DL, Hennessy L, Moore EE, Minei JP, Bankey
PE, Johnson JL, Sperry ], Nathens AB, Billiar TR, West MA,
Brownstein BH, Mason PH, Baker HV, Finnerty CC, Jeschke
MG, Lépez MC, Klein MB, Gamelli RL, Gibran NS, Ar-
noldo B, Xu W, Zhang Y, Calvano SE, McDonald-Smith GP,
Schoenfeld DA, Storey JD, Cobb JP, Warren HS, Moldawer
LL, Herndon DN, Lowry SF, Maier RV, Davis RW, Tomp-
kins RG. A genomic storm in critically injured humans. | Exp
Med 2011; 208: 2581-2590 [PMID: 22110166 DOI: 10.1084/
jem.20111354]

6  Suffredini AF, Munford RS. Novel therapies for septic shock
over the past 4 decades. JAMA 2011; 306: 194-199 [PMID:
21750297 DOI: 10.1001/jama.2011.909]

7  Bloch KC. Infectious Diseases. In: McPhee SJ, Hammer GD:
Pathophysiology of Disease. New York: McGraw-Hill, 2010:
57-83

8  Borgen L. Total parenteral nutrition in adults. Am ] Nurs
1978; 78: 224-228 [PMID: 417629 DOI: 10.2307 /3424283]

9 Depuydt M, Messens ], Collet JF. How proteins form di-
sulfide bonds. Antioxid Redox Signal 2011; 15: 49-66 [PMID:

(49

Gz
Raishideng®

WJCCM | www.wjgnet.com

51

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Pravda J. Metabolic theory of septic shock

20849374 DOI: 10.1089/ ars.2010.3575]

Kelley EE, Khoo NK, Hundley NJ, Malik UZ, Freeman BA,
Tarpey MM. Hydrogen peroxide is the major oxidant prod-
uct of xanthine oxidase. Free Radic Biol Med 2010; 48: 493-498
[PMID: 19941951 DOI: 10.1016/j.freeradbiomed.2009.11.012]
Murphy MP. How mitochondria produce reactive oxygen
species. Biochem | 2009; 417: 1-13 [PMID: 19061483 DOI:
10.1042/BJ20081386]

Schrader M, Fahimi HD. Mammalian peroxisomes and re-
active oxygen species. Histochem Cell Biol 2004; 122: 383-393
[PMID: 15241609 DOI: 10.1007 /s00418-004-0673-1]

Forman HJ, Zhang H, Rinna A. Glutathione: overview of
its protective roles, measurement, and biosynthesis. Mol
Aspects Med 2009; 30: 1-12 [PMID: 18796312 DOI: 10.1016/
j-mam.2008.08.006]

Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. Glutathione
metabolism and its implications for health. ] Nutr 2004; 134:
489-492 [PMID: 14988435]

Lyons J, Rauh-Pfeiffer A, Ming-Yu Y, Lu XM, Zurakowski D,
Curley M, Collier S, Duggan C, Nurko S, Thompson J, Ajami
A, Borgonha S, Young VR, Castillo L. Cysteine metabolism
and whole blood glutathione synthesis in septic pediatric pa-
tients. Crit Care Med 2001; 29: 870-877 [PMID: 11373484 DOI:
10.1097/00003246-200104000-00036]

Biolo G, Antonione R, De Cicco M. Glutathione metabolism
in sepsis. Crit Care Med 2007; 35: S591-S595 [PMID: 17713414
DOI: 10.1097/01.CCM.0000278913.19123.13]

Pacht ER, Timerman AP, Lykens MG, Merola AJ. Deficiency
of alveolar fluid glutathione in patients with sepsis and
the adult respiratory distress syndrome. Chest 1991; 100:
1397-1403 [PMID: 1935300 DOI: 10.1378/ chest.100.5.1397]
Hammarqvist F, Luo JL, Cotgreave IA, Andersson K, Wer-
nerman J. Skeletal muscle glutathione is depleted in critically
ill patients. Crit Care Med 1997; 25: 78-84 [PMID: 8989180
DOI: 10.1097/00003246-199701000-00016]

Karapetsa M, Pitsika M, Goutzourelas N, Stagos D, Tousia
Becker A, Zakynthinos E. Oxidative status in ICU patients
with septic shock. Food Chem Toxicol 2013; 61: 106-111 [PMID:
23542126 DOI: 10.1016/j.£ct.2013.03.026]

Sjovall F, Morota S, Hansson M], Friberg H, Gnaiger E, El-
mér E. Temporal increase of platelet mitochondrial respira-
tion is negatively associated with clinical outcome in patients
with sepsis. Crit Care 2010; 14: R214 [PMID: 21106065 DOI:
10.1186/¢c9337]

Shokolenko I, Venediktova N, Bochkareva A, Wilson GL,
Alexeyev MF. Oxidative stress induces degradation of mito-
chondrial DNA. Nucleic Acids Res 2009; 37: 2539-2548 [PMID:
19264794 DOI: 10.1093 /nar/ gkp100]

Van Houten B, Woshner V, Santos JH. Role of mitochon-
drial DNA in toxic responses to oxidative stress. DNA Repair
(Amst) 2006; 5: 145-152 [PMID: 15878696 DOI: 10.1016/
j.dnarep.2005.03.002]

Malinouski M, Zhou Y, Belousov VV, Hatfield DL, Glady-
shev VN. Hydrogen peroxide probes directed to different
cellular compartments. PLoS One 2011; 6: e14564 [PMID:
21283738 DOI: 10.1371/journal.pone.0014564]

Huet O, Cherreau C, Nicco C, Dupic L, Conti M, Borderie
D, Pene F, Vicaut E, Benhamou D, Mira JP, Duranteau J,
Batteux F. Pivotal role of glutathione depletion in plasma-
induced endothelial oxidative stress during sepsis. Crit Care
Med 2008; 36: 2328-2334 [PMID: 18664787 DOI: 10.1097/
CCM.0b013e3181800387]

Chen J, Gu'Y, Shao Z, Luo ], Tan Z. Propofol protects against
hydrogen peroxide-induced oxidative stress and cell dys-
function in human umbilical vein endothelial cells. Mol Cell
Biochem 2010; 339: 43-54 [PMID: 20039104 DOI: 10.1007/
$11010-009-0368-y]

Li ZL, Liu JC, Hu ], Li XQ, Wang SW, Yi DH, Zhao MG.
Protective effects of hyperoside against human umbilical
vein endothelial cell damage induced by hydrogen peroxide.

May 4, 2014 | Volume 3 | Issue 2 |



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Pravda J. Metabolic theory of septic shock

J Ethnopharmacol 2012; 139: 388-394 [PMID: 22120016 DOI:
10.1016/j.jep.2011.11.020]

Mathru M, Rooney MW, Dries DJ, Hirsch L], Barnes L,
Tobin M]J. Urine hydrogen peroxide during adult respira-
tory distress syndrome in patients with and without sepsis.
Chest 1994; 105: 232-236 [PMID: 8275738 DOI: 10.1378/
chest.105.1.232]

Cowley HC, Bacon PJ, Goode HF, Webster NR, Jones JG,
Menon DK. Plasma antioxidant potential in severe sepsis:
a comparison of survivors and nonsurvivors. Crit Care Med
1996; 24: 1179-1183 [PMID: 8674332 DOI: 10.1097 /00003246-1
99607000-00019]

Lehr HA, Bittinger F, Kirkpatrick CJ. Microcirculatory dys-
function in sepsis: a pathogenetic basis for therapy? | Pathol
2000; 190: 373-386 [PMID: 10685071]

Lupu C, Westmuckett AD, Peer G, Ivanciu L, Zhu H,
Taylor FB, Lupu F. Tissue factor-dependent coagulation
is preferentially up-regulated within arterial branching
areas in a baboon model of Escherichia coli sepsis. Am |
Pathol 2005; 167: 1161-1172 [PMID: 16192650 DOI: 10.1016/
S0002-9440(10)61204-7]

Birukova AA, Arce FT, Moldobaeva N, Dudek SM, Garcia
JG, Lal R, Birukov KG. Endothelial permeability is controlled
by spatially defined cytoskeletal mechanics: atomic force
microscopy force mapping of pulmonary endothelial mono-
layer. Nanomedicine 2009; 5: 30-41 [PMID: 18824415 DOI:
10.1016/j.nano.2008.07.002]

Hastie LE, Patton WF, Hechtman HB, Shepro D. H202-
induced filamin redistribution in endothelial cells is modu-
lated by the cyclic AMP-dependent protein kinase pathway.
J Cell Physiol 1997; 172: 373-381 [PMID: 9284957]
Lopez-Ongil S, Torrecillas G, Pérez-Sala D, Gonzalez-Santi-
ago L, Rodriguez-Puyol M, Rodriguez-Puyol D. Mechanisms
involved in the contraction of endothelial cells by hydro-
gen peroxide. Free Radic Biol Med 1999; 26: 501-510 [PMID:
10218638 DOI: 10.1016/S0891-5849(98)00223-8]

Kevil CG, Okayama N, Alexander JS. H(2)O(2)-mediated
permeability II: importance of tyrosine phosphatase and ki-
nase activity. Am | Physiol Cell Physiol 2001; 281: C1940-C1947
[PMID: 11698252]

Kevil CG, Oshima T, Alexander B, Coe LL, Alexander JS.
H(2)O(2)-mediated permeability: role of MAPK and oc-
cludin. Am ] Physiol Cell Physiol 2000; 279: C21-C30 [PMID:
10898713]

Pearse DB, Shimoda LA, Verin AD, Bogatcheva N, Moon C,
Ronnett GV, Welsh LE, Becker PM. Effect of cGMP on lung
microvascular endothelial barrier dysfunction following
hydrogen peroxide. Endothelium 2003; 10: 309-317 [PMID:
14741846 DOI: 10.1080/714007541]

Valen G, Sondén A, Vaage J, Malm E, Kjellstrom BT. Hydro-
gen peroxide induces endothelial cell atypia and cytoskele-
ton depolymerization. Free Radic Biol Med 1999; 26: 1480-1488
[PMID: 10401612 DOI: 10.1016/50891-5849(99)00009-X]
Bradley JR, Thiru S, Pober JS. Hydrogen peroxide-induced
endothelial retraction is accompanied by a loss of the normal
spatial organization of endothelial cell adhesion molecules.
Am | Pathol 1995; 147: 627-641 [PMID: 7677177]

Zhao Y, Davis HW. Hydrogen peroxide-induced cytoskel-
etal rearrangement in cultured pulmonary endothelial cells.
J Cell Physiol 1998; 174: 370-379 [PMID: 9462699 DOI: 10.1002
/ (SICI)1097-4652(199803)174]

Hirano S, Rees RS, Yancy SL, Welsh MJ, Remick DG, Yama-
da T, Hata J, Gilmont RR. Endothelial barrier dysfunction
caused by LPS correlates with phosphorylation of HSP27 in
vivo. Cell Biol Toxicol 2004; 20: 1-14 [PMID: 15119843]

Habib MP, Clements NC. Effects of low-dose hydrogen per-
oxide in the isolated perfused rat lung. Exp Lung Res 1995;
21: 95-112 [PMID: 7729381 DOI: 10.3109/01902149509031747]
Gilmont RR, Dardano A, Young M, Engle JS, Adamson
BS, Smith DJ, Rees RS. Effects of glutathione depletion on

(49

TR
Raishideng®

WJCCM | www.wjgnet.com

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

oxidant-induced endothelial cell injury. | Surg Res 1998; 80:
62-68 [PMID: 9790816 DOI: 10.1006/jsre.1998.5328]

Shingu M, Yoshioka K, Nobunaga M, Yoshida K. Human
vascular smooth muscle cells and endothelial cells lack
catalase activity and are susceptible to hydrogen peroxide.
Inflammation 1985; 9: 309-320 [PMID: 4044027 DOI: 10.1007/
BF00916279]

Lee HS, Namkoong K, Kim DH, Kim K], Cheong YH, Kim
SS, Lee WB, Kim KY. Hydrogen peroxide-induced altera-
tions of tight junction proteins in bovine brain microvascular
endothelial cells. Microvasc Res 2004; 68: 231-238 [PMID:
15501242 DOI: 10.1016/j.mvr.2004.07.005]

Liu SF, Malik AB. NF-kappa B activation as a pathological
mechanism of septic shock and inflammation. Am | Physiol
Lung Cell Mol Physiol 2006; 290: L622-L645 [PMID: 16531564
DOI: 10.1152/ ajplung.00477.2005]

Arnalich F, Garcia-Palomero E, Lopez ], Jiménez M, Madero
R, Renart ], Vazquez JJ, Montiel C. Predictive value of
nuclear factor kappaB activity and plasma cytokine levels in
patients with sepsis. Infect Immun 2000; 68: 1942-1945 [PMID:
10722586 DOI: 10.1128/TAL.68.4.1942-1945.2000]

Bohrer H, Qiu F, Zimmermann T, Zhang Y, Jllmer T, Ménnel
D, Bottiger BW, Stern DM, Waldherr R, Saeger HD, Ziegler
R, Bierhaus A, Martin E, Nawroth PP. Role of NFkappaB in
the mortality of sepsis. | Clin Invest 1997; 100: 972-985 [PMID:
9276714 DOI: 10.1172/]CI119648]

Hotta N, Ichiyama T, Shiraishi M, Takekawa T, Matsubara T,
Furukawa S. Nuclear factor-kappaB activation in peripheral
blood mononuclear cells in children with sepsis. Crit Care
Med 2007; 35: 2395-2401 [PMID: 17944030 DOI: 10.1097/01.
CCM.0000284502.38701.E6]

Schreck R, Albermann K, Baeuerle PA. Nuclear factor kappa
B: an oxidative stress-responsive transcription factor of
eukaryotic cells (a review). Free Radic Res Commun 1992; 17:
221-237 [PMID: 1473734 DOI: 10.3109/10715769209079515]
Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar
GH, Singh S, Aggarwal BB. Hydrogen peroxide activates
NF-kappa B through tyrosine phosphorylation of I kappa
B alpha and serine phosphorylation of p65: evidence for
the involvement of I kappa B alpha kinase and Syk protein-
tyrosine kinase. | Biol Chem 2003; 278: 24233-24241 [PMID:
12711606 DOI: 10.1074/jbc.M212389200]

van den Berg R, Haenen GR, van den Berg H, Bast A. Tran-
scription factor NF-kappaB as a potential biomarker for
oxidative stress. Br | Nutr 2001; 86 Suppl 1: S121-5127 [PMID:
11520430 DOI: 10.1079/BJN2001340]

Niethammer P, Grabher C, Look AT, Mitchison TJ. A tissue-
scale gradient of hydrogen peroxide mediates rapid wound
detection in zebrafish. Nature 2009; 459: 996-999 [PMID:
19494811 DOI: 10.1038 /nature08119]

Klyubin 1V, Kirpichnikova KM, Gamaley IA. Hydrogen
peroxide-induced chemotaxis of mouse peritoneal neutro-
phils. Eur | Cell Biol 1996; 70: 347-351 [PMID: 8864663]
Mathias JR, Perrin BJ, Liu TX, Kanki J, Look AT, Huttenlo-
cher A. Resolution of inflammation by retrograde chemotax-
is of neutrophils in transgenic zebrafish. | Leukoc Biol 2006;
80: 1281-1288 [PMID: 16963624 DOI: 10.1189/j1b.0506346]
Wang L, Bastarache JA, Ware LB. The coagulation cascade in
sepsis. Curr Pharm Des 2008; 14: 1860-1869 [PMID: 18691097
DOI: 10.2174/138161208784980581]

Zeerleder S, Hack CE, Wuillemin WA. Disseminated intra-
vascular coagulation in sepsis. Chest 2005; 128: 2864-2875
[PMID: 16236964 DOI: 10.1378/ chest.128.4.2864]

Crawley JT, Lane DA. The haemostatic role of tissue
factor pathway inhibitor. Arterioscler Thromb Vasc Biol
2008; 28: 233-242 [PMID: 17951326 DOI: 10.1161/ AT-
VBAHA.107.141606]

Ambrosio G, Tritto I, Golino P. Reactive oxygen metabolites
and arterial thrombosis. Cardiovasc Res 1997; 34: 445-452
[PMID: 9231027 DOI: 10.1016/S0008-6363(97)00101-6]

May 4, 2014 | Volume 3 | Issue 2 |



59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Wetter DA, Davis MD. Ulceration of the arm attributed to a
spider bite and treated with intravenous hydrogen peroxide:
a cautionary tale. Arch Dermatol 2006; 142: 1658-1659 [PMID:
17179007 DOI: 10.1001/archderm.142.12.1658]
Stearns-Kurosawa DJ, Osuchowski MF, Valentine C, Kuro-
sawa S, Remick DG. The pathogenesis of sepsis. Annu Rev
Pathol 2011; 6: 19-48 [PMID: 20887193 DOI: 10.1146/ annurev-
pathol-011110-130327]

Cerella C, Coppola S, Maresca V, De Nicola M, Radogna F,
Ghibelli L. Multiple mechanisms for hydrogen peroxide-in-
duced apoptosis. Ann N'Y Acad Sci 2009; 1171: 559-563 [PMID:
19723104 DOI: 10.1111/.1749-6632.2009.04901.x]

Armstrong JS, Steinauer KK, Hornung B, Irish JM, Lecane P,
Birrell GW, Peehl DM, Knox SJ. Role of glutathione depletion
and reactive oxygen species generation in apoptotic signal-
ing in a human B lymphoma cell line. Cell Death Differ 2002; 9:
252-263 [PMID: 11859408 DOI: 10.1038/sj.cdd.4400959]
Kinscherf R, Fischbach T, Mihm S, Roth S, Hohenhaus-
Sievert E, Weiss C, Edler L, Bartsch P, Droge W. Effect of
glutathione depletion and oral N-acetyl-cysteine treatment
on CD4+ and CD8+ cells. FASEB | 1994; 8: 448-451 [PMID:
7909525]

Snyder LM, Fortier NL, Trainor J, Jacobs J, Leb L, Lubin B,
Chiu D, Shohet S, Mohandas N. Effect of hydrogen perox-
ide exposure on normal human erythrocyte deformability,
morphology, surface characteristics, and spectrin-hemoglo-
bin cross-linking. | Clin Invest 1985; 76: 1971-1977 [PMID:
4056060 DOI: 10.1172/]CI112196]

Machiedo GW, Powell R], Rush BF, Swislocki NI, Dikdan
G. The incidence of decreased red blood cell deformabil-
ity in sepsis and the association with oxygen free radical
damage and multiple-system organ failure. Arch Surg
1989; 124: 1386-1389 [PMID: 2589962 DOI: 10.1001/arch-
surg.1989.01410120032007]

Erdbruegger U, Dhaygude A, Haubitz M, Woywodt A. Cir-
culating endothelial cells: markers and mediators of vascular
damage. Curr Stem Cell Res Ther 2010; 5: 294-302 [PMID:
20528750 DOI: 10.2174/157488810793351721]

Wu H, Chen H, Hu PC. Circulating endothelial cells and
endothelial progenitors as surrogate biomarkers in vascular
dysfunction. Clin Lab 2007; 53: 285-295 [PMID: 17605403]
Mutunga M, Fulton B, Bullock R, Batchelor A, Gascoigne A,
Gillespie JI, Baudouin SV. Circulating endothelial cells in pa-
tients with septic shock. Am | Respir Crit Care Med 2001; 163:
195-200 [PMID: 11208646 DOI: 10.1164/ ajrccm.163.1.9912036]
Schlichting DE, Waxman AB, O’Brien LA, Wang T, Naum
CC, Rubeiz GJ, Um SL, Williams M, Yan SC. Circulating en-
dothelial and endothelial progenitor cells in patients with se-
vere sepsis. Microvasc Res 2011; 81: 216-221 [PMID: 21130783
DOI: 10.1016/§.mvr.2010.11.011]

Gofton TE, Young GB. Sepsis-associated encephalopa-
thy. Nat Rev Neurol 2012; 8: 557-566 [PMID: 22986430 DOI:
10.1038/nrneurol.2012.183]

Lamar CD, Hurley RA, Taber KH. Sepsis-associated en-
cephalopathy: review of the neuropsychiatric manifestations
and cognitive outcome. ] Neuropsychiatry Clin Neurosci 2011;
23: 237-241 [PMID: 21948885 DOI: 10.1176/appi.neuro-
psych.23.3.237]

Siami S, Polito A, Sharshar T. Sepsis-associated Encephalop-
athy. In Vincent JL Yearbook of Intensive Care and Emer-
gency Medicine. Berlin-Heidelberg: Springer, 2009: 809-816
Wilson JX, Young GB. Progress in clinical neurosciences:
sepsis-associated encephalopathy: evolving concepts. Can |
Neurol Sci 2003; 30: 98-105 [PMID: 12774948]

Ringer TM, Axer H, Romeike BF, Zinke J, Brunkhorst F,
Witte OW, Giuinther A. Neurological Sequelae of Sepsis: I)
Septic Encephalopathy. Open Crit Care Med ] 2011; 4: 2-7 [DOL:
10.2174/1874828701104010002]

Desagher S, Glowinski ], Premont ]J. Astrocytes protect neu-
rons from hydrogen peroxide toxicity. | Neurosci 1996; 16:

K

Gz
Raishideng®

WJCCM | www.wjgnet.com

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Pravda J. Metabolic theory of septic shock

2553-2562 [PMID: 8786431]

Dringen R, Pawlowski PG, Hirrlinger J. Peroxide detoxifica-
tion by brain cells. ] Neurosci Res 2005; 79: 157-165 [PMID:
15573410 DOI: 10.1002/jnr.20280]

Aoyama K, Watabe M, Nakaki T. Regulation of neuronal
glutathione synthesis. | Pharmacol Sci 2008; 108: 227-238
[PMID: 19008644 DOT: 10.1254/phs.08R01CR]

Deth R, Muratore C. The redox/methylation hypothesis of
autism. In: Chauhan A, Chauhan V, Brown WT : Autism:
Oxidative Stress, Inflammation and immune abnormalities.
Florida: Florida CRC Press, 2010: 113-130

Cannon G, Caravati EM, Filloux FM. Hydrogen peroxide
neurotoxicity in childhood: case report with unique magnetic
resonance imaging features. | Child Neurol 2003; 18: 805-808
[PMID: 14696912 DOI: 10.1177/08830738030180111501]
Cakir T, Alsan S, Saybasili H, Akin A, Ulgen KO. Recon-
struction and flux analysis of coupling between metabolic
pathways of astrocytes and neurons: application to cerebral
hypoxia. Theor Biol Med Model 2007; 4: e48

Wang XF, Cynader MS. Astrocytes provide cysteine to neu-
rons by releasing glutathione. | Neurochem 2000; 74: 1434-1442
[PMID: 10737599 DOI: 10.1046/j.1471-4159.2000.0741434.x]
Dringen R, Hirrlinger J. Glutathione pathways in the brain.
Biol Chem 2003; 384: 505-516 [PMID: 12751781 DOI: 10.1515/
BC.2003.059]

Luo D, Smith SW, Anderson BD. Kinetics and mechanism of
the reaction of cysteine and hydrogen peroxide in aqueous
solution. | Pharm Sci 2005; 94: 304-316 [PMID: 15570599 DOI:
10.1002/jps.20253]

Chauhan A, Chauhan V. Oxidative stress in autism.
Pathophysiology 2006; 13: 171-181 [PMID: 16766163 DOI:
10.1201/9781420068870]

Bellomo R, Ronco C. The pathogenesis of lactic acidosis in
sepsis. Curr Opin Crit Care 1999; 5: 452-457 [DOI: 10.1097 /00
075198-199912000-00008]

Bonnefont JP, Chretien D, Rustin P, Robinson B, Vassault A,
Aupetit ], Charpentier C, Rabier D, Saudubray JM, Munnich
A. Alpha-ketoglutarate dehydrogenase deficiency present-
ing as congenital lactic acidosis. | Pediatr 1992; 121: 255-258
[PMID: 1640293 DOI: 10.1016/50022-3476(05)81199-0]
Tretter L, Adam-Vizi V. Inhibition of Krebs cycle enzymes
by hydrogen peroxide: A key role of [alpha]-ketoglutarate
dehydrogenase in limiting NADH production under oxida-
tive stress. | Neurosci 2000; 20: 8972-8979 [PMID: 11124972]
Cho CS, Lee S, Lee GT, Woo HA, Choi EJ, Rhee SG. Irrevers-
ible inactivation of glutathione peroxidase 1 and reversible
inactivation of peroxiredoxin II by H202 in red blood cells.
Antioxid Redox Signal 2010; 12: 1235-1246 [PMID: 20070187
DOI: 10.1089/ ars.2009.2701]

Kinnula VL, Everitt JI, Mangum JB, Chang LY, Crapo JD.
Antioxidant defense mechanisms in cultured pleural meso-
thelial cells. Am | Respir Cell Mol Biol 1992; 7: 95-103 [PMID:
1627338 DOI: 10.1165/ ajrcmb/7.1.95]

Pherwani AV, Puri VC, V Malhotra V. Estimation of hydro-
gen peroxide levels in the blood and urine of normal infants
and infants with sepsis. Bombay Hosp ] 1999; 41: 8

van ‘t Erve TJ, Wagner BA, Ryckman KK, Raife TJ, Buettner
GR. The concentration of glutathione in human erythrocytes
is a heritable trait. Free Radic Biol Med 2013; 65: 742-749 [PMID:
23938402 DOI: 10.1016/j.freeradbiomed.2013.08.002]

Caprari P, Caforio MP, Cianciulli P, Maffi D, Pasquino MT,
Tarzia A, Amadori S, Salvati AM. 6-Phosphogluconate dehy-
drogenase deficiency in an Italian family. Ann Hematol 2001;
80: 41-44 [PMID: 11233775 DOI: 10.1007 /s002770000233]
Lang CA, Naryshkin S, Schneider DL, Mills BJ, Lindeman
RD. Low blood glutathione levels in healthy aging adults. |
Lab Clin Med 1992; 120: 720-725 [PMID: 1431500]

Hatem E, Berthonaud V, Dardalhon M, Lagniel G, Baudou-
in-Cornu P, Huang ME, Labarre ], Chédin S. Glutathione is
essential to preserve nuclear function and cell survival under

May 4, 2014 | Volume 3 | Issue 2 |



95

96

Pravda J. Metabolic theory of septic shock

oxidative stress. Free Radic Biol Med 2014; 67: 103-114 [PMID:
24145121 DOI: 10.1016/j.freeradbiomed.2013.10.807]

Keller GA, Barke R, Harty JT, Humphrey E, Simmons RL.
Decreased hepatic glutathione levels in septic shock. Predis-
position of hepatocytes to oxidative stress: an experimental
approach. Arch Surg 1985; 120: 941-945 [PMID: 3893390 DOI:
10.1001/archsurg.1985.01390320065013]

Ikegami K, Lalonde C, Young YK, Picard L, Demling R.
Comparison of plasma reduced glutathione and oxidized
glutathione with lung and liver tissue oxidant and anti-

(49

TR
Raishideng®

WJCCM | www.wjgnet.com

54

97

98

oxidant activity during acute inflammation. Shock 1994; 1:
307-312 [PMID: 7735965 DOI: 10.1097/00024382-199404000-0
0010]

Robinson MK, Rounds JD, Hong RW, Jacobs DO, Wilmore
DW. Glutathione deficiency increases organ dysfunction af-
ter hemorrhagic shock. Surgery 1992; 112: 140-147; discussion
148-149 [PMID: 1641757]

Holmquist L, Stuchbury G, Steele M, Miinch G. Hydrogen
peroxide is a true first messenger. | Neural Transm Suppl 2007;
(72): 39-41 [PMID: 17982876 DOL: 10.1007/978-3-211-73574-9_6]

P- Reviewers: Carassiti M, Fink MP, Stover CM, Yao YM
S- Editor: Song XX L- Editor: A E- Editor: Wu HL

May 4, 2014 | Volume 3 | Issue 2 |



JCC

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.5492/ wjcem.v3.i2.55

World Journal of
Critical Care Medicine

World | Crit Care Med 2014 May 4; 3(2): 55-60
ISSN 2220-3141 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

BRIEF ARTICLE

Arterial vs venous blood gas differences during hemorrhagic

shock

Kristopher Burton Williams, Ashley Britton Christmas, Brant Todd Heniford, Ronald Fong Sing, Joseph Messick

Kristopher Burton Williams, Ashley Britton Christmas, Brant
Todd Heniford, Ronald Fong Sing, Joseph Messick, Depart-
ment of Surgery, Carolinas HealthCare System, Charlotte, NC
28204, United States

Author contributions: Heniford BT, Sing RF, Messick J de-
signed research; Sing RF, Messick J performed research; Messick
J contributed new reagents or analytic tools; Christmas AB, Heni-
ford BT, Sing RF analyzed data; Williams KB, Christmas AB,
Heniford BT, Sing RF wrote the paper; Messick J deceased since
the completion of this study.

Supported by Carolinas HealthCare System, Department of
Surgery, Charlotte, North Carolina, United States
Correspondence to: Ronald Fong Sing, DO, FACS, FCCM,
Department of Surgery, Carolinas HealthCare System, 1000
Blythe Boulevard, Charlotte, NC 28203,

United States. ron.sing@carolinashealthcare.org

Telephone: +1-704-3551311 Fax: +1-704-3555619

Received: March 1, 2013 Revised: October 19, 2013
Accepted: March 3, 2014

Published online: May 4, 2014

Abstract

AIM: To characterize differences of arterial (ABG) and
venous (VBG) blood gas analysis in a rabbit model of
hemorrhagic shock.

METHODS: Following baseline arterial and venous
blood gas analysis, fifty anesthetized, ventilated New
Zealand white rabbits were hemorrhaged to and main-
tained at a mean arterial pressure of 40 mmHg until
a state of shock was obtained, as defined by arterial
pH < 7.2 and base deficit < -15 mmol/L. Simultane-
ous ABG and VBG were obtained at 3 minute intervals.
Comparisons of pH, base deficit, pCOz, and arteriove-
nous (a-v) differences were then made between ABG
and VBG at baseline and shock states. Statistical analy-
sis was applied where appropriate with a significance of
P < 0.05.

RESULTS: All 50 animals were hemorrhaged to shock
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status and euthanized; no unexpected loss occurred.
Significant differences were noted between baseline
and shock states in blood gases for the following pa-
rameters: pH was significantly decreased in both arteri-
al (7.39 + 0.12 to 7.14 + 0.18) and venous blood gases
(7.35 £ 0.15 t0 6.98 £ 0.26, P < 0.05), base deficit was
significantly increased for arterial (-0.9 £+ 3.9 mEq/L vs
-17.8 £ 2.2 mEg/L) and venous blood gasses (-0.8 + 3.8
mEg/L vs -15.3 = 4.1 mEqg/L, P < 0.05). pCO: trends
(baseline to shock) demonstrated a decrease in arterial
blood (40.0 £ 9.1 mmHg vs 28.9 £ 7.1 mmHg) but an
increase in venous blood (46.0 £ 10.1 mmHg vs 62.8
+ 15.3 mmHg), although these trends were non-signif-
icant. For calculated arteriovenous differences between
baseline and shock states, only the pCO: difference was
shown to be significant during shock.

CONCLUSION: In this rabbit model, significant differ-
ences exist in blood gas measurements for arterial and
venous blood after hemorrhagic shock. A widened pCO:
a-v difference during hemorrhage, reflective of poor tis-
sue oxygenation, may be a better indicator of impend-
ing shock.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Hemorrhagic shock; pH; Base deficit; Arte-
rial blood gases; Venous blood gases

Core tip: Recent studies regarding early goal directed
therapy and damage control resuscitation have in-
dicated a potential role for calculated arteriovenous
pCO: differences in monitoring resuscitative efforts.
In a rabbit model of hemorrhagic shock, we demon-
strate significant derangements between arterial and
venous blood and, while not a novel concept, explore
the potential of central venous pCO: as an indicator of
hemorrhagic shock. Our results demonstrate a widened
arteriovenous pCO: difference is significantly associated
with hemorrhagic shock and may be a more reliable
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indicator of inadequate tissue perfusion and therefore
impending circulatory collapse.

Williams KB, Christmas AB, Heniford BT, Sing RF, Messick
J. Arterial vs venous blood gas differences during hemorrhagic
shock. World J Crit Care Med 2014; 3(2): 55-60 Available from:
URL: http://www.wjgnet.com/2220-3141/full/v3/i2/55.htm DOI:
http://dx.doi.org/10.5492/wjccm.v3.i2.55

INTRODUCTION

Circulatory collapse is a definitive indicator of the shock
state, but may manifest late during hemorrhage leading to
delayed diagnosis, resuscitation, and treatment when clini-
cal metrics of circulatory collapse (hypotension, tachy-
cardia, decreased organ perfusion, altered mental status,
ete.) are the sole measures of a patient’s physiologic sta-
tus. Robust compensatory responses to injury in young,
healthy patients can delay treatment of hemorrhage even
further as clinical parameters defining shock may not be
evident until later stages in the clinical course. Any delay
in diagnosis and treatment during massive hemorrhage
will likely result in increased morbidity and mortality,
fueling the search for adequate trauma resuscitation pro-
tocols, such as damage control resuscitation, as well as
reliable early markers of impending or ongoing shock'".
Serologic markers including pH, base deficit, central
venous oxygen saturation and lactate have been used
to identify and quantitate shock””. Arterial blood gas
analysis is considered the gold standard to determine
oxygenation and acid-base status in the acutely injured as
well as critically ill and repeat testing offers a means of
monitoring resuscitation efforts. However, setious, albeit
rare, complications of arterial cannulation (pseudoaneu-
rysm, hematoma, hemorrhage, limb ischemia, infection,
neurologic injury)” have led to a search for less invasive
means of detecting impending shock, quantitating the de-
gree of shock as well as measuring adequate resuscitation.
As such, many studies have examined the reliability and
accuracy of central venous blood gas in acid-base moni-

toring as an alternative to arterial blood gas analysis®' . In
previous animal models of severely reduced cardiac out-
put, venous hypercarbia has been shown to correlate with

12,13 .
25 and changes in venous

inadequacy of tissue perfusion
blood were noted to occur with greater magnitude and
eatlier in the process of clinical deterioration than those
of arterial blood"*"”. Similar discrepancies in arterial and
venous pCO2 have been reported in human studies of
shock states, as well as the paradox of venous acidemia
occurring simultaneously with arterial alkalemia, and have
been suggestive of the role of serum pCO:2 differences
as an indicator of tissue perfusionmzo]. In a recent clini-
cal study highlighting the importance of serum pCO:2 in
surgical outcomes, Silva ez al™ showed a preoperative ar-
teriovenous pCOz2 gap greater than 5.0 mmHg in high risk
patients to be predictive of increased in-hospital mortality,
circulatory shock, renal failure, intensive care unit (ICU)
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infection, and length of stay. These previous studies sug-
gest the usefulness of venous blood gas analysis in identi-
fying hemorrhagic shock eatlier than other serum markers
obtained from arterial blood analysis as well as the poten-
tial to accurately monitor adequate resuscitative efforts.

The purpose of this study was to examine the effec-
tiveness of venous blood gas analysis in comparison to
the gold standard of arterial blood gas analysis in a rab-
bit model of hemorrhagic shock.

MATERIALS AND METHODS

Following approval by the Institutional Animal Care and
Use Committee of the Carolinas Medical Center, fifty
New Zealand white rabbits weighing 3 to 6 kg were anes-
thetized with 1.0 to 1.5 mL/kg of sodium pentobarbital
(25 mg/mL) through an ear vein. Anesthesia was main-
tained throughout the experiment with 0.5-1.0 mL/kg
of intravenous sodium pentobatbital (12.5 mg/mL) as
needed, determined by response to a pain stimulus. Ad-
equately anesthetized animals then underwent a trache-

otomy and endotracheal ventilation. Tidal volumes of
10 mL/kg were administered by a mechanical ventilator
(Siemens 900C Servo ventilator, Berlin, Germany) and
fraction of inspired oxygen (FiOz) was maintained at 0.5.

In all animals, bilateral groin dissection was per-
formed to adequately expose femoral vasculature. Ve-
nous access was obtained iz right femoral vein using a
5.0 French catheter advanced into the level of the right
atrium and was utilized for drug infusion as well as with-
drawal of venous blood samples. Arterial access was
secured zia left femoral artery utilizing a 3.5 French cath-
eter advanced into the distal abdominal aorta for moni-
toring of blood pressure, heart rate and arterial blood
sampling,

Following baseline arterial and venous blood gas
measutements (Radiometer analyzer, ABL-520 #2, Co-
penhagen, Denmark), animals were hemorrhaged to a
mean arterial pressure of 40 mmHg as determined by a
multichannel recorder (MT95k2, Astro-Med, Inc., West
Warwick, RI). Simultaneous arterial and venous blood
gases were obtained every 3 min until hemorrhagic
shock was observed, as defined by an arterial pH less
than 7.2 and a base deficit greater than or equal to -15
mmol/L. Once the shock state was obtained, animals
were then euthanized by intravenous administration of
sodium pentobarbital. To minimize procedural variation,
all animals were anesthetized, instrumented, hemor-
rhaged, and euthanized using identical technique by the
same investigatof.

Statistical analysis

Data was stored and analyzed using SAS software ver-
sion 9.3 (SAS Inc., Cary, North Carolina). Obtained arte-
rial and venous blood gases were compared to baseline
measurements with regard to pH, base deficit and pCOx.
Arteriovenous differences for each parameter (pH, base
deficit, pCO2) were then calculated at baseline and shock.
Statistical analysis was performed using the unpaired t-test
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or Wilcoxon rank sum test where appropriate. For all
comparisons, statistical significance was set at a P value of
less than 0.05.

RESULTSAI 50 animals underwent successful ad-
ministration of anesthesia, groin dissection, instrumenta-
tion, hemorrhage to a state of shock and euthanization
without any unexplained or premature losses. Data are
expressed as mean + SD.

Arterial and venous blood gases at baseline and the
hemorrhagic shock state

Mean values for pH were significantly decreased from
baseline to shock (P < 0.05) in both arterial (7.39 + 0.12
to 7.14 + 0.18) and venous (7.35 + 0.15 to 6.98 + 0.206)
blood gases (Figure 1A). Figure 1B compares mean val-
ues obtained for base deficit at the 2 physiologic states;
a significant increase (P < 0.05) was seen in arterial (-0.9
+ 3.9 mEq/L »s-17.8 £ 2.2 mEq/L) and venous (-0.8
+ 3.8 mEq/L »s -15.3 + 4.1 mEq/L) base deficit dur-
ing shock. In comparing pCO: at baseline and shock, a
non-significant decrease was observed in arterial pCO2
(40.0 = 9.1 mmHg »s 28.9 = 7.1 mmHg, P > 0.05), while
venous blood samples demonstrated a non-significant
trend towards increased pCOz (46.0 £ 10.1 mmHg »s
62.8 * 15.3 mmHg, P > 0.05), as shown in Figure 1C.

Blood gas arteriovenous differences at baseline and the
hemorrhagic shock state
Arteriovenous differences in pH, base deficit, and pCO:

K
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at baseline and the hemorrhagic shock state are repre-
sented. No significant differences were seen in calculated
differences at baseline for pH (0.04 £ 0.03), base deficit
(0.01 + 3.07 mEq/L), or pCO2 (5.8 + 7.5 mmHg), al-
though venous pH demonstrated a larger non-significant
trend toward acidosis and a larger non-significant base
deficit was seen for arterial samples. In the shock state, a
significant difference was noted for arteriovenous pCO:z
difference (34.0 = 3.10 mmHg, P < 0.05), however, cal-
culated differences for pH (0.16 * 0.08) and base deficit
(2.56 £ 3.10 mEq/L) were not significant.

DISCUSSION

Our results demonstrated significant parallel trends of
acidosis and increased base deficit in both arterial and
venous blood during hemorrhagic shock in a rabbit
model (Figure 1A and B). The arteriovenous pCO:z dif-
ference during shock was also statistically significant as

venous hypercarbia was observed with simultaneous ar-
terial hypocarbia (Figure 1C).

During hemorrhagic shock, oxygen delivery to tis-
sues is reduced due to lack of red blood cell mass and,
subsequently, hemoglobin concentration is insufficient
to meet tissue oxygen demands™. Contributing to the
drop in oxygen carrying capacity, decreased cardiac
output secondary to reduced venous return slows the
delivery and elimination of venous CO:z in the lungs and
augments ongoing venous hypercarbiam’ls’m. Reduced
oxygen delivery to tissues results in a shift from aerobic
toward anaerobic cellular metabolism effecting subse-
quent production of organic acids, such as lactate, and
ensuing acidosis and hypercarbiam. When the oxygen
supply can be restored quickly, metabolic function can
return to normal; however, when the oxygen insufficien-
cy is prolonged, cells become irreversibly damaged and
are unable to function in normal energy metabolism™".
Serum and tissue acidosis develop in direct proportion
to the amount and acuity of hemorrhagic shock>**1*#,

Studies in both animal models and humans have
demonstrated a pronounced dissociation between the
arterial and venous pCO2 during periods of decreased
oxygen delivery as a consequence of decreased cardiac
output, such as cardiac tamponade“sj, severe hemorrhag-
ic shock™* hemodynamic instability™"'**" or septic
shock!"*"”!. Carbon dioxide accumulates very rapidly dur-
ing hemodynamic compromise, as with massive blood
loss, before significant amounts of organic acids are
detectable in blood since the normal liver is capable of
upregulating lactate metabolism early in the hemorrhagic
process' . Mixed venous CO2 (CvCO2) can be repre-
sented according to the Fick equation, CvCO2z = VCO2/
Q + CaCOz, where VCO: represents COz production in
tissues, Q signifies cardiac output, and CaCO:2 denotes
the arterial CO2 content. Carbon dioxide is released into
the circulation at the tissue-venous interface, represented
by VCO2/Q, and is eliminated at the alveolar-arteriole
interface in the lungs, represented by CaCO:z. Under
conditions of normal cardiac output and venous return,
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there is adequate ventilatory elimination of CO:z that is
produced in the tissues and acid-base equilibrium is es-
tablished. However, as cardiac output and venous return
decrease, the increased CO:2 produced from anaerobic
tissues cannot be effectively eliminated by the lungs,
resulting in a disconnect between arterial and venous
vascular trees whereby arterial blood gases reflect COz
exchange at the alveolar-arterial level while venous blood
gases are indicative of acid-base status and oxygenation
at the level of the tissues. Examining the Fick equation,
it can be seen that as cardiac output (Q) declines with
simultaneous increased tissue CO:2 production (VCO2),
mixed venous CO2 (CvCO2) will increase. This was dem-
onstrated in our rabbit hemorrhage model in which the
animals were adequately ventilated but hypoperfused,
resulting in hypercarbia detected in venous but not arte-
rial blood gas analysis, representing insufficient oxygen
delivery to tissues. Therefore, venous blood gas values
may better reflect insufficient oxygen delivery to the tis-
sues and subsequent impending shock. Although our re-
sults did not show a statistically significant difference in
the arteriovenous pH gradient, the venous samples were
markedly more acidic than the arterial samples taken
during the shock state (Figure 1A).

The clinical utility of arteriovenous pCOz2 differ-
ences in goal directed therapy (GDT) has recently been
addressed in the literature. In a series of septic ICU
patients resuscitated to a mixed venous oxygen satura-
tion goal of 70% or greater, Vallée ¢t al'” demonstrated
those patients with arteriovenous pCOz2 differences
greater than 6 mmHg had higher lactate concentra-
tions and lower lactate clearance rates than those with
arteriovenous pCOz differences less than 6 mmHg,
subsequently reflecting the status of global tissue perfu-
sion. They further demonstrated lower cardiac indexes
in those patients with arteriovenous pCOz values greater
than 6 mmHg following “adequate” resuscitation to a
mixed venous oxygen saturation of 70% as compared to
the cohort of patients with arteriovenous pCOz2 values
less than 6 mmHg, Similarly, Futier ¢ a/* demonstrated
larger arteriovenous pCO: differences to be signifi-
cantly associated with post-operative complications in
“adequately resuscitated” patients (to a mixed venous
oxygen saturation goal greater than 71%) undergoing
major abdominal surgery. These clinical results indicate
further optimization of GDT may be obtained through
a combination of mixed venous oxygenation and arterio-
venous pCO:z difference analysis, potentially playing vital
roles in progressive damage control resuscitation models
in trauma'’.

Some shortcomings of the current study deserve
discussion. First, this study was not conducted in a
spontaneously-breathing animal model, effectively elimi-
nating the possibility of respiratory compensation which
likely will occur in cases of acute injury and hemorrhage.
To address this criticism, Mathias ez o/ performed acid-
base comparisons between arterial and venous blood
gases in a spontaneously-breathing, under-anesthetized
canine model of acute cardiac tamponade and found a
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similar paradox of venous acidosis and hypercarbia with
concomitant arterial alkalemia and hypocarbia, even in
the early stages of decreased cardiac output (20%) prior
to any reduction in arterial blood pressure. Although the
criticisms of performing these studies in animal models
with blunted or absent respiratory compensatory mecha-
nisms are valid concerns, the results of Mathias e @/
indicate the paradoxical acid-base trends are still evident
in a minimally-anesthetized, spontancously-breathing,
non-ventilated animal model. Also, performing these
studies in live animal models without sufficient sedation
or supportive measures, such as ventilatory support,
would certainly be considered distressful to the animals.
A second shortcoming of this study is the lack of a tem-
poral metric for the onset of acid-base changes in our
animal model, as well as a lack of serum lactate analysis.
It would be beneficial to define the chronological rela-
tionship of arterial hypocapnea, venous hypercapnea and
acidosis in compatison to the accumulation of lactate
during the course of hemorrhagic shock in the rabbit
model to better define the usefulness of venous blood
gas in the course of hemorrhagic shock.

Our study in a rabbit model indicates hemorrhage
shock results in significant acidosis and base deficit in
both arterial and venous blood with a significant arte-
riovenous pCOz difference of venous hypercarbia and
arterial hypocarbia, consistent with previously reported
disparities between arterial and venous pCOz2 in the
setting of severely hypoperfused states. These results
indicate that venous blood gas analysis may be a supe-
rior indicator of cellular hypoperfusion in hemorrhagic
shock, as evidenced by pronounced hypercarbia, and
may be more reflective of tissue oxygenation compared
to arterial blood gas analysis. Further studies are needed
to determine if venous blood gas analysis is a more rapid
indicator of impending circulatory collapse or is a more
accurate gauge of adequate resuscitative efforts.

COMMENTS

Background

Early and adequate tissue perfusion is a key tenet of goal-directed therapy and
damage control resuscitation, employed in critical care and trauma practices,
respectively. Arteriovenous differences in pCO2 have demonstrated potential in
the early detection of insufficient tissue perfusion as well as the quantification of
resuscitative efforts.

Research frontiers

Establishment of an early, reliable, and easily obtainable marker for impend-
ing circulatory collapse in hemorrhagic shock would contribute significantly to
treatment algorithms, possibly allowing supportive measures (fluid resuscita-
tion, blood product administration, vasopressor circulatory support, efc.) to be
initiated prior to classic physiologic indicators of circulatory collapse. However,
no such definitive marker has been elucidated. In this study, the authors dem-
onstrate significant similarities and differences in arterial and venous blood
gas derangements, focusing on the arteriovenous differences noted in a rabbit
model of hemorrhagic shock in an effort to further define arteriovenous pCO:
differences as a potential early indicator of inadequate tissue perfusion.
Innovations and breakthroughs

Previous studies have examined arterial and venous blood gas derangements
(pH, base deficit, lactate levels, oxygen saturation) in states of hypoperfusion in
animal models as well as humans. Paradoxical venous hypercarbia with arterial
hypocarbia associated with decreased cardiac output has also been reported in
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the literature, suggesting a role for pCO2 monitoring in cases of hypoperfused
states. In this study, authors conclusively demonstrated a widened pCO: differ-
ence (venous hypercarbia with concomitant arterial hypocarbia) is associated
with hemorrhagic shock in a novel rabbit model.

Applications

The results of this study, viewed in light of recent work regarding venous blood
gas analysis in hypoperfused states, further supports the prospect that central
venous blood gas pCO: differences may indicate effectiveness of resuscitative
efforts in the acutely injured hemorrhagic state. Certainly, further human studies
in the setting of acute hemorrhage deserve attention so that a more rapid, ac-
curate and easily obtainable mechanism of resuscitation may be elucidated.

Terminology

The term arteriovenous pCO: difference is used to describe the absolute value
of the quantifiable variance between arterial blood gas pCO2 and venous blood
gas pCOx2. This is represented in units of mmHg, a standard unit of measure-
ment for partial pressure.

Peer review

This is a well-written manuscript which analyzes the effects of hemorrhagic
shock on arterial and venous blood gases in a rabbit animal model. An added
caveat is the significant widened arteriovenous pCO: difference seen in the
shock state. The manuscript also reviews pertinent publications on the subject,
highlighting recent clinical studies which suggest a role for arteriovenous pCO:
differences in monitoring resuscitation. Although not novel, the results certainly
provide further evidence that widened pCO: differences are indicative of wors-
ening shock and may therefore possibly be another tool in our armament to
monitor resuscitation.
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Abstract

AIM: To investigate the effects of hypertonic saline in
the neurocritical care population.

METHODS: We retrospectively reviewed our hospital’s
use of hypertonic saline (HS) since March of 2005, and
prospectively since October 2010. Comparisons were
made between admission diagnoses, creatinine change
(Cr), and HS formulation (3% NaCl, 3% NaCl/sodium
acetate mix, and 23.4% NaCl) to patients receiving nor-
mal saline or lactated ringers. The patients (7 = 1329)
of the retrospective portion were identified. The data
presented represents the first 230 patients with data.

RESULTS: Significant differences in Acute Physiology
and Chronic Health Evaluation II scores and Glasgow
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Coma Scale scores occurred between different sa-
line formulations. No significant correlation of CI" or
Na* with Cr, nor with saline types, occurred. When
dichotomized by diagnosis, significant correlations
appear. Traumatic brain injury (TBI) patients demon-
strated moderate correlation between Na* and Cr of
0.45. Stroke patients demonstrated weak correlations
between Na* and Cr, and CI" and Cr (0.19 for both).
Patients receiving HS and not diagnosed with intrace-
rebral hemorrhage, stroke, subarachnoid hemorrhage,
or TBI demonstrated a weak but significant correlation
between CI" and Cr at 0.29.

CONCLUSION: Cr directly correlates with Na* or Cl'in
stroke, Na* in TBI, and CI in other populations. Pro-
spective comparison of HS and renal function is need-
ed.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Hypertonic saline solution; Sodium chloride;
Acute kidney injury; Cerebral edema; Critical care

Core tip: This work adds to the literature that changes
in Na* and CI' in the neurocritical care population corre-
late to adverse changes in renal function. It is critical for
the neurointensivist to remain cognizant of this when
choosing whether or not to use hypertonic saline, and
what to monitor when doing so. Unlike previous work,
this data suggests some diseases may have more or
less a change in renal function from Na* or CI". This ar-
gues for further study of how the formulations of these
fluids may change outcome in the neurocritically ill.
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A, Jankowski M. Variable change in renal function by hypertonic
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INTRODUCTION

A nearly ubiquitous problem in the neurocritical care
population is cerebral edema (CE). Cerebral edema has
been implicated in delayed neurological deterioration, and
worse outcome, through the elevation of intracerebral
pressure (ICP)"". The role of CE in outcome is conten-
tious, with evidence suggesting that the extent of CE
may, and may not, correlate with outcome”®. Animal
models of CE demonstrate increased water content of
edematous tissue correlates with inflammation and neu-
ronal death””. Potentially, reduction of this edema may
reduce the degree of neuronal death, potentially improv-
ing outcome and decreasing hospital length-of-stay.

The medical management of CE is not without
problems. Mannitol use is common, but is complicated
by deleterious effects on renal function, fluctuations
in intravascular volume, and pH. Over time, mannitol’
s slow elimination from the cerebrospinal fluid may
require progressively higher doses to control ICP and
rebound CE™. Increasingly, hypertonic saline (HS) is
being used to abate cerebral edema. Used in bolus or
a continuous infusion fashion, HS has been shown to
be safe and effective in reducing ICP in patients with
traumatic brain injury (TBI), subarachnoid hemorrhage
(SAH), and stroke!' ™", HS shifts fluid from endothelium
and surrounding tissues into the vascular compartment,

normalizing the endothelia volume, increasing capillary
diameter, and reducing resistance to flow'”. Edema can
be reduced in this manner. Further, hypertonic fluids
produce smooth muscle vasodilation improving regional
blood flow!”. HS is relatively inexpensive. The early use
of HS may reduce secondary cell injury caused by ce-
rebral edema'™’. These characteristics make HS an ideal
therapeutic option in conditions such as SAH, intracere-
bral hemorrhage (ICH), stroke, and TBL

However, the use of HS has not demonstrated
any survival or outcome benefit despite reductions in
ICP"*". Further, HS may be associated with increased
risk-of blood-stream infections, and possibly increased
risk-of nosocomial and urinary tract infections'". A
growing body of evidence suggests a possible link be-
tween HS use, renal dysfunction, and mortality"™"". We
hypothesize the use of HS correlates to adverse changes
in renal function.

MATERIALS AND METHODS

Study setting

The Henry Ford Neurocritical Cate Unit (NCCU) is a
16 bed unit with a yeatly census over 1000 patients. The
Henry Ford Neurocritical Database records data on
stroke, TBI, ICH, SAH, SE, and spinal cord injury patient
populations admitted to the NCCU. The data has been
prospectively collected since October of 2010, with data
added retrospectively from March of 2005 (when the
first neurointensivist joined the staff) until October 2010.
Between March 2005 and October 2010, 1329 patients of
the retrospective cohort meet the inclusion criteria. The
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data presented represents the first 230 patients with data.

Study design

With institutional review board approval, we mined the
Henry Ford Neurocritical Database to identify all pa-
tients from March of 2005 to October 2010 with the
aforementioned diagnosis who received HS. These pa-
tients were cross matched with the institution’s pharmacy
database to ascertain which saline formulation patients
in the retrospective cohort received. In this retrospective
sample, if patients were identified who received HS, and
were not in the NCCU database, their data was retrospec-
tively collected. Data was collected from admission until
NCCU discharge, death, or post admission day (PAD)
13. Variables sought included: (1) IVF formulation:
Normal saline (NS), ringer’s lactate (LR), HS (3% NaCl,
3% NaCl:Na acetate, 23.4%); (2) physiologic: Mean arte-
rial pressure; serum sodium, creatinine, chloride, HCOs,
BUN, creatinine; admission weight; (3) clinical: Admis-
sion Acute Physiology and Chronic Health Evaluation
II (APACHE 1I) scores, admission Glasgow coma scale
in all patients, Hunt and Hess grade in SAH patients,
NIH stroke scale in stroke patients, presence of external
ventricular drain, and duration of ICU stay. APACHE
II scores were retrospectively calculated on all patients
in the retrospective cohort; and (4) demographics: Age;
sex; race; presence of hypertension, diabetes, pre-existing
of renal insufficiency and etiology of renal insufficiency,
history of coronary artery disease or congestive heart
failure. Patients received various formulations of HS at
the discretion of the attending NCCU staff. Correlations
to renal function, as measured by Ct, to the formulation
of saline used, and to changes in serum sodium and chlo-
ride levels were made. Patients receiving only LR o tNS
served as a compatison group.

Statistical analysis

Intervariable associations were calculated between using
Pearson’s correlation coefficients. The P values for these
correlation coefficients were computed using clustering
methods that take into account the multiple measures
from the same patient. This was done with the entire
sample as well as within each saline type and within each

diagnosis type.

RESULTS

Who received HS solutions?
Table 1 summarizes the baseline characteristics of this

cohort. There were no significant differences in diagno-
sis between groups. There were significant differences
in the APACHE 1I scores and Glasgow Coma Scale
(GCS) scores between the different formulations of
HS. Significant differences emerged in admission Na’,
A-a gradient, APACHE II score, and GCS. In pairwise
comparisons, patients receiving HS demonstrated higher
APACHE I scores and lower GCSv scores. 3% patients
uniformly scored lower on GCS components compared

to LR/NS patients, and lower in the GCSm and GCSe
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Table 1 Baseline characteristics by saline type

Corry J] et al. Hypertonic saline may worsen renal function

Table 2 Pairwise comparisons for those that were significant

Variable 23.40% 3% NS/LR P value
(n = 22) (n =13) (n = 194)

Diagnosis 0.078
ICH 15 (68) 7 (54) 67 (35)
Other 3 (14) 3(23) 47 (24)
SAH 4 (18) 2 (15) 43 (22)
Stroke 0(0) 0(0) 28 (14)
TBI 0(0) 1(8) 95
Age (yr) 61.9+15.6 59.2+19.6 56.8+16.2  0.356
HCT (mmHg) 382+6.9 38.1+6.2 381+7.0 0.999
WBC (10°/L) 125+6.2 11.6+52 114+9.1 0.865
Temperature (‘C)  37.3+0.9 37207 36.8+25 0.514
HR 81.3 +20.3 86.5+19.1 826+16.7  0.668
RR 181+4.6 175+73 18.6 +4.4 0.633
MAP 983+182 100.8+332  106.5+£248  0.267
Na 1415+ 6.4 82+£53 139.0+4.1 0.037
K 3.9+0.6 37+05 40+20 0.888
Glasgow coma 26+1.7 2315 3417 0.010
Scale (verbal)

1 10 (45) 6 (46) 53 (27)

2 1(5) 2 (15) 10 (5)

3 2(9) 1(8) 15 (8)

4 5(23) 3(23) 29 (15)

5 4 (18) 1(8) 87 (45)
Glasgow Coma 50+15 39+18 53+13 0.002
Scale (motor)

1 15 1(8) 5(3)

2 15 3(23) 4(2)

3 29 2 (15) 16 (8)

4 29 1(8) 13 (7)

5 4(18) 2 (15) 27 (14)

6 12 (55) 4 (31) 129 (66)
Glasgow coma 2:9411.3 20+1.0 33+1.1 <0.001
Scale (eyes)

1 5(23) 5(38) 28 (14)

2 4 (18) 4 (31) 15 (8)

3 2(9) 3(23) 31 (16)

4 11 (50) 1(8) 120 (62)
A aGrad' 61+1953 173.7+141.2 1253+1549 0.024
pH’ 74+0.1 74+0.1 74+0.1 0.306
PCO;’ 27.0+1.7 27.0+3.0 260+33 0.756
PaO: 209.2+114.6 189.5+136.8 150.8+1151 0.053
Baseline Cr 13+14 09+03 14+18 0.655
APACHE II 149+7.6 175+5.2 10.7+6.5 <0.001

123.4%, n =19; 3%, n = 12; normal saline/ringer’s lactate (NS/LR), n = 177;
’23.4%, n=19;3%, n=10; NS/LR, n = 111; °23.4%, n = 3; 3%, n = 3; NS/LR,
n = 83. ICH: Intracerebral hemorrhage; TBI: Traumatic brain injury; SAH:
Subarachnoid hemorrhage; HCT: Hematocrit; MAP: Mean arterial pres-
sure; APACHE II: Admission acute physiology and chronic health evalu-
ation II scores.

compared to 23.4% patients (Table 2). This would sug-
gest patients receiving HS, particularly 3% solutions, had
a greater illness burden at admission.

What are the effects of HS on renal function?

Table 3 summarizes the effects of HS on renal function
in this cohort. No significant correlation occurred with
Na© or CI' with Cr when grouped according to saline
type. The correlation between Na™ and Cr within each
of the saline types does not differ much from the overall
correlation, except for within the 3% saline group. The
correlation for the 3% saline group is 0.256 but this was
not statistically significantly different from zero (P = 0.26).
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Dependent 23.4% vs 3%  23.4% vs NS/LR 3% vs NS/LR
Na* 0.035 0.016 0.503
A aGrad 0.370 0.009 0.306
Apache I 0.261 0.005 <0.001
GCSv 0.579 0.034 0.019
GCSm 0.027 0.294 <0.001
GCSE 0.028 0.123 <0.001

NS/LR: Normal saline/ringer’s lactate; APACHE II: Admission acute
physiology and chronic health evaluation II scores; GCS: Glasgow coma
scale.

Table 3 Correlations between CI, Na* and Cr

Na* and Cr CrI' and Cr

Population n Corr P value n Corr P value
Overall 230 0.025 0.63 229 0.074 0.16
Saline type

23.40% 22 0.037 0.58 22 0.042 0.65

3% 13 0.256 0.26 13 0.181 0.43

NS/LR 194 0.026 0.65 194 0.097 0.09
Diagnosis type

ICH 89 0.145 0.10 89 0.058 0.55

Other 53 0.096 0.09 53 0.287 <0.001

SAH 50 0.125 0.08 50 0.085 0.28

Stroke 28 0.187 <0.001 28 0.185 0.001

TBI 10 0.447 0.048 10 0.361 0.1

NS/LR: Normal saline/ringer’s lactate; ICH: Intracerebral hemorrhage;
TBI: Traumatic brain injury; SAH: Subarachnoid hemorrhage.

The same holds true for the correlation between CI” and
Cr, it is greater in the 3% saline group but still not statis-
tically significantly different from zero (» = 0.18, P = 0.43).
When the correlations were dichotomized by the diagno-
sis, significant findings appear.

The strongest correlations were found in TBI, pa-
tients given HS and not diagnosed with TBI, stroke,
SAH, or ICH (other), and stroke. With respect to TBI,
a moderate correlation was found between rise in Cr
and Na'. For stroke, weak correlations between tise in
Cr and both increases in Na’ and Cl” occurred. Patients
in this “other” category demonstrated a significant, yet
weak, correlation between increases in Cl and Cr.

DISCUSSION

Even small increases in creatinine the first two days fol-
lowing admission are predictive of mortality! '™, Thus,
therapies precipitating kidney injury are concerning. Pre-
sentation or development of diminished renal function
is a predictor of poor outcome and mortality in stroke,
ICH and SAH"™. In the case of ICH, this has been
associated with hemorrhage volume and GCsP#2,
Similarly, development of renal dysfunction during hos-
pitalization has been linked to increased mortality and is
associated with lower GCS and higher APACHE III score
in TBI®™,

Frequently neurointensivists are asked to control
cerebral edema via the use of mannitol and HS. Superi-
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ority of one agent remains a matter of debate. Not yet
recruiting at the time of this manuscript, investigators
at Massachusetts General Hospital are investigating if
induced, sustained hypernatremia to a goal of 150-160
mmol/L following traumatic brain injury will decrease the
rate of cerebral edema formation and improve patient
outcomes””. One study, sponsored by Indiana Univer-
sity, currently enrolling is looking at 20% mannitol »s 3%
saline for the treatment of intracranial hypertensionﬁo].

Mannitol appears to reduce ICP through reducing

. 31
brain water content!

B However, its use may result in
kidney injury and rebound edema™®”. Increasingly HS
saline is being used in various formulations either as a
preventative or acute therapy' -, HS appears to have a
number of beneficial effects. In TBI, the use of 23.4%
NaCl results in ICP reductions and elevations in cerebral
perfusion pressure with commensurate elevations in
brain tissue oxygenationm’w. These reductions in ICP
are most notable in patients with the greatest elevations
in ICP. Further, in cerebral hemorrhages = 30 mlL,
the early use of HS to target a serum sodium between
145-155 mmol/L demonstrates both absolute and rela-
tive reductions of cerebral edema when compared to
normonatremic patientsm].

These effects appear to be the result of a combi-
nation of actions including reduction in brain water
content pia osmotic forces, reductions in peripheral
vascular resistance, and arteriolar vasodilatation with
improvement in capillary blood flow'*"*. Further, ani-
mal models treated with HS have demonstrated reduced
aquaporin 4 expression on astrocytes with attenuation of
brain water content”. In addition, increasing evidence
demonstrates HS possesses immune-modulating proper-
ties via reduction in cytokine production and neutrophil

beT, Finally, animal models have demonstrated

activation
reductions in neuronal apoptosis.

Despite the ample experimental evidence, the clini-
cal use of HS has not demonstrated any survival or
[12,14]

. Hyper-
natremia is associated with insulin resistance, reduced

outcome benefit and is not without risk

hepatic gluconeogenesis and lactate clearance, delirium,
thabdomyolysis, and reduced cardiac function”™. Not
surprisingly, ICU acquired elevations or reductions in se-
rum sodium, dysnatremia, are common in neurosurgical
and trauma patients, and associated with kidney injury™”.
Further, when compared to normonatremic patients,
dysnatremia is associated with increased disease severity,
longer length-of-stay, and mortality™ .

Our group inquired whether the formulation of sa-
line used affected renal function in the neurocritical care
population. The question of IVF formulation affecting
patient outcome has been debated for some time. Evi-
dence is increasingly suggesting formulation of saline
and/or rapid change in serum sodium or chloride may
adversely affect renal function'”. A study in healthy
subjects has demonstrated greater natriuresis and sooner
time to first post-bolus micturition in those receiving LR
vs NS, Huang e# al"” reported the use of HS in burn
patients produced significant increases renal, pulmonary,
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and cardiac failure compared to LR use. Patients receiv-
ing HS had less urine output. Further, the development
of renal failure was heralded by a greater initial rise and
slower subsequent fall in serum sodium levels during
the first week of admission. Although this study was in
burn patients, its findings are provocative. More recently,
a study evaluating the effects of a ClI restrictive »s CI
liberal usage in critical ill patients demonstrated more
acute kidney injury and greater use of renal-replacement
therapy in the CI liberal groupm. Though the popula-
tions of these studies differ from the neurocritical care
population, this suggests the formulation of saline may
have an effect on renal function.

With respect to our initial question, does saline type
affect renal function; we found no such correlation in
our sample. We found patients receiving HS have higher
disease severity as assessed by lower GCS and higher
APACHE 1I scores. Not surprisingly, we found sicker
patients more frequently received HS in this sample. This
correlation has been previously reported[ﬁ‘, This makes
intuitive sense, with evidence suggesting eatly use of HS
may limit the development of CE"”. Similar to the find-
ings of Alyagari ez al™ Froelich et al'” reported adverse
changes in renal function with serum Na' > 155 mmol/L.
This was not associated with the use or formulation of
HS, a finding noted in our study too.

Unexpectedly, when we dichotomized by diagnosis,
we found weak to moderate correlations between ad-
mitting disease and changes in Cr associated with hy-
perchloremia or hypernatremia. This was most noted in
TBI, stroke, and non-vascular NCCU diagnosis; trends
were also noted in ICH and SAH too. The explanation
for this association is uncertain. Previous studies dem-
onstrate correlations to Na ' increase and renal dysfunc-
tion!>!
infusion, when compared to a cohort receiving NS, do

. Although patients receiving a continuous HS

not have a higher risk of renal dysfunction, a signifi-
cant correlation between sever hypernatremia and renal
dysfunction does exist!”. This could however reflect a
more severe underlying brain injury rather than effect
of HS.

Both clinical and experimental literature provides in-
sight as to how Na" and CI could adversely affect renal
function. HS solutions initially cause renal vasodilata-
™ 1t is theorized

hypernatremia may produce renal injury »iz intravascular
[40]

tion and increased renal blood flow
dehydration and vasoconstriction” . Canine models
undergoing rapid renal artery sodium elevations dem-
onstrate reduced renal blood flow and glomerular filtra-
tion rate with inhibition of rennin secretion*”. Clinical
studies have demonstrated hypernatremia is associated
with elevations in creatinine in approximately 10% of
patients“sl. This noted increase parallels elevations in so-
dium and APACHE 1I scores, and is inversely related to
admission GCS scores. However, save for sodium values
> 160 mEq/L hypernatremia is not independently asso-
ciated with mortality">"",

While direct proof linking saline-induced hyperchlo-
remia to nephrotoxicity is not available, a strong cir-
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cumstantial case can be made™. NS, with 154 mmol/L
of chlorine can result in hyperchloremia and an acido-

sis'

%1 Elevation in chloride can reduce renal blood flow
and decreases the excretion of sodium*, Hyperchlore-
mia appears to cause a renal vasoconstriction specific to
renal vasculature and independent of the renal nerve.
This reduction in renal blood flow could precipitate re-
nal ischemia and reducing glomerular filtration rate!™™,
At the macula densa, CI activates tubuloglomerular feed-
back by precipitating afferent arteriolar vasoconstriction
and decreased glomerular filtration rate”'. Further, ani-
mal models suggest Cl increases thromboxane synthesis
resulting in renal vasoconstriction and reduced renal
blood flow™.

This single center, retrospective study has a number
of limitations. First is the choice of serum creatinine as
a biomarker of renal function. Though regularly used
to infer kidney health and glomerular filtration, it is at
best a crude measure of these. Often creatinine may be
insensitive to early, deleterious changes in renal function.
Next, given the time and cost of collecting retrospec-
tive data, this data represents an interim analysis to see
if continued collection of these variables was warranted.
As such, its small size and single center nature limit its
applicability. Other centers with different demograph-
ics or practices may have different outcomes from what
is represented here. The retrospective design and single
center location limits what questions can be asked, data
obtained, and the number of patients available. Regard-
ing the disease specific correlations, a number of defi-
ciencies exist. Regarding TBI, this study did not collect
data on vasopressor use, blood pressure targets, or vol-
ume received, all variables noted to augment renal blood
flow™. Intense sympathetic stimulation alters prosta-
glandin-mediated vasodilatation, resulting in reduced
glomerular filtration”. Data on antecedent medication
use was not collected. Could prior use of medications
such as angiotensin converting enzyme inhibitors, in the
setting of rapid changes in serum Na' and CI, result in
diminished renal blood flow? Finally, after dichotomizing
by diagnosis, differences in baseline physiologic variables
was not assessed. Perhaps these correlations occurred in
patients who were inherently more ill when viewed from
the perspective of admitting diagnosis. Despite these limi-
tations, this data is provocative in suggesting the admitting
disease may affect the physiologic response to a therapy.

This study adds to the literature demonstrating the
use of HS is not inherently injurious to renal physiology.
Further, we too note the correlation of injury severity
to HS use. Finally, our data suggests when viewed from
the perspective of admitting diagnosis, HS use may coz-
relate to the development of kidney injury. However,
the nature of this correlation needs further exploration.
Variables to investigate include rate change of Na' and
CI'; HS administration times over the course of disease;
role of premorbid medications; and regional differences
in population makeup. Wide variability exists in the treat-
ment of cerebral edema among intensivists”™ . With no
clear “right answer” to the question of cerebral edema,
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more investigation is needed regarding the risks/ben-
efits of the treatments available and the patients who
would be best suited for particular therapies. Prospective
comparisons of HS formulation and renal function are

needed to further assess if formulation affects outcome

and cost. Prospective studies are warranted to better de-
fine this association and its effect on outcome.

COMMENTS

Background

The treatment and management of cerebral edema is among the duties of a
neurointensivist. When and how to treat cerebral edema remain contentious.
Further, a neurointensivist must remain cognizant of how their neurocentric

therapies may affect the rest of the patient’s body.
Research frontiers

Intravenous fluids and hypertonic saline are ubiquitous in the critical care and
neurocritical care setting. Data has previously demonstrated “not all fluids are
created equal.” Understanding how the formulation of intravenous fluids may
affect outcome is critical to providing effective critical care. Discovery of delete-
rious correlations may help generate prospective, hypothesis driven, studies on

patient or disease specific intravenous fluids aimed at improving outcome.
Innovations and breakthroughs

Prior work has demonstrated that the formulation of hypertonic saline (HS) may

not affect renal function. However, the relative change of Na*, and presence in

particular of hypernatremia, may correlate with development of kidney injury
and worse outcomes. Much of this work was in a mixed critical care or mixed
neurocritical care population. This study assessed if not only Na, but if CI', HS
formulation, and disease state played a role. The data here presented suggests
potential rolls of CI" and disease state to adverse renal function. These findings
need to be confirmed by larger, prospective trials. Potentially, such findings
could form the basis for developing patient or disease specific intravenous
fluids aimed at reducing cerebral edema and mitigating adverse renal effects.
Further, if borne out in future studies, better understanding of what interactions
occur between intravenous fluids, disease state, and comorbidities may allow

for development of new therapeutic options in neurocritical care.

Applications

Data presented here, and in the context of literature to date, may suggest to the
bedside clinician to be judicious with the prescription of HS to patients with cerebral

edema, to closely monitor renal function, and use CI limiting formulations of HS.
Terminology

Cerebral edema is the process whereby injured brain develops increase free
water by cytotoxic or vasogenic means. Typically, these two pathologies com-
bine in a temporal fashion. Much of the overall change of brain volume is re-
lated to this, a concern in the rigid volume provided within the skull. Potentially,
cerebral edema may exacerbate inflammation. Hypertonic saline, or HS, are
intravenous fluids of higher osmolarity aimed at increasing serum sodium. This
has a multitude of effects including: (1) reducing brain free water and edema; (2)
reducing aquaporin production and thus water entry into cells preventing/limit-
ing the development of cerebral edema; (3) improving red blood cells malleabil-
ity and ability to travel through injured tissue; and (4) potential mitigating effects
on inflammation. Creatinine, Cr, is a biomarker of kidney health. Though crude,
this is a readily available biomarker that can guide the clinicians management

of a patient.
Peer review

This analysis provides some provocative findings that need a larger study to

confirm. Further, it summarizes much of the literature on this topic to date.
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multiple organ dysfunction syndrome, infection and anti-infection
treatment, acute respiratory distress syndrome and mechanical ven-
tilation, acute kidney failure, continuous renal replacement therapy,
rational nutrition and immunomodulation in critically ill patients,
sedation and analgesia, cardiopulmonary cerebral resuscitation, fluid
resuscitation and tissue perfusion, coagulant dysfunction, hemody-
namic monitoring and circulatory support, ICU management and
treatment control, and application of bronchofiberscopy in criti-
cally ill patients. The current columns of WJCCM include editorial,
frontier, diagnostic advances, therapeutics advances, field of vision,
mini-reviews, review, topic highlight, medical ethics, original articles,
case report, clinical case conference (Clinicopathological confer-
ence), and autobiography.

We encourage authors to submit their manuscripts to WJCCM.
We will give priority to manuscripts that are supported by major
national and international foundations and those that are of great
basic and clinical significance.

WJCCM is edited and published by Baishideng Publishing
Group (BPG). BPG has a strong professional editorial team com-
posed of science editors, language editors and electronic editors.
BPG currently publishes 42 OA clinical medical journals, including
41 in English, has a total of 15 471 editotial borad members or peer
reivewers, and is a world first-class publisher.

Columns

The columns in the issues of WJCCM will include: (1) Editorial:
The editorial board members are invited to make comments on an
important topic in their field in terms of its current research status
and future directions to lead the development of this discipline; (2)
Frontier: The editorial board members are invited to select a highly
cited cutting-edge original paper of his/her own to summarize ma-
jor findings, the problems that have been resolved and remain to be
resolved, and future research directions to help readers understand
his/her important academic point of view and future research dir-
ections in the field; (3) Diagnostic Advances: The editorial board
members are invited to write high-quality diagnostic advances in
their field to improve the diagnostic skills of readers. The topic
covers general clinical diagnosis, differential diagnosis, pathological
diagnosis, laboratory diagnosis, imaging diagnosis, endoscopic diag-
nosis, biotechnological diagnosis, functional diagnosis, and physical
diagnosis; (4) Therapeutics Advances: The editorial board members
are invited to write high-quality therapeutic advances in their field
to help improve the therapeutic skills of readers. The topic covers
medication therapy, psychotherapy, physical therapy, replacement
therapy, interventional therapy, minimally invasive therapy, endo-
scopic therapy, transplantation therapy, and surgical therapy; (5)
Field of Vision: The editorial board members are invited to write
commentaries on classic articles, hot topic articles, or latest articles
to keep readers at the forefront of research and increase their levels
of clinical research. Classic articles refer to papers that are included
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in Web of Knowledge and have received a large number of citations
(ranking in the top 1%) after being published for more than years,
reflecting the quality and impact of papers. Hot topic articles refer
to papers that are included in Web of Knowledge and have received
a large number of citations after being published for no more than
2 years, reflecting cutting-edge trends in scientific research. Latest
articles refer to the latest published high-quality papers that are
included in PubMed, reflecting the latest research trends. These
commentary articles should focus on the status quo of research, the
most important research topics, the problems that have now been
resolved and remain to be resolved, and future research directions.
Basic information about the article to be commented (including
authors, article title, journal name, yeat, volume, and inclusive page
numbers; (6) Minireviews: The editorial board members are invited
to write short reviews on recent advances and trends in research of
molecular biology, genomics, and related cutting-edge technologies
to provide readers with the latest knowledge and help improve their
diagnostic and therapeutic skills; (7) Review: To make a systematic
review to focus on the status quo of research, the most important
research topics, the problems that have now been resolved and re-
main to be resolved, and future research directions; (8) Topic High-
light: The editorial board members are invited to write a series of
articles (7-10 articles) to comment and discuss a hot topic to help
improve the diagnostic and therapeutic skills of readers; (9) Medical
Ethics: The editorial board members are invited to write articles
about medical ethics to increase readers’ knowledge of medical eth-
ics. The topic covers international ethics guidelines, animal studies,
clinical trials, organ transplantation, ez.; (10) Clinical Case Confer-
ence or Clinicopathological Conference: The editorial board mem-
bers are invited to conttibute high-quality clinical case conference;
(11) Original Articles: To report innovative and original findings
in critical care medicine; (12) Brief Articles: To briefly report the
novel and innovative findings in critical care medicine; (13) Meta-
Analysis: Covers the systematic review, mixedtreatment comparison,
meta-regression, and overview of reviews, in order to summatize a
given quantitative effect, e.g, the clinical effectiveness and safety of
clinical treatments by combining data from two or more randomized
controlled trials, thereby providing more precise and externally valid
estimates than those which would stem from each individual dataset
if analyzed separately from the others; (14) Case Report: To report a
rare or typical case; (15) Letters to the Editor: To discuss and make
reply to the contributions published in WJCCM, or to introduce
and comment on a controversial issue of general interest; (16) Book
Reviews: To introduce and comment on quality monographs of
critical care medicine; and (17) Autobiography: The editorial board
members are invited to write their autobiography to provide readers
with stories of success or failure in their scientific research career.
The topic covers their basic personal information and information
about when they started doing research work, where and how they
did research work, what they have achieved, and their lessons from
success o failure.
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Statement of informed consent

Manuscripts should contain a statement to the effect that all human
studies have been reviewed by the appropriate ethics committee or it
should be stated clearly in the text that all persons gave their informed
consent prior to their inclusion in the study. Details that might disclose
the identity of the subjects under study should be omitted. Authors
should also draw attention to the Code of Ethics of the World Med-
ical Association (Declaration of Helsinki, 1964, as revised in 2004).

Statement of human and animal rights
When reporting the results from expetriments, authors should follow
the highest standards and the trial should conform to Good Clinical
Practice (for example, US Food and Drug Administration Good
Clinical Practice in FDA-Regulated Clinical Trials; UK Medicines
Research Council Guidelines for Good Clinical Practice in Clinical
Trials) and/or the Wotld Medical Association Declaration of Hel-
sinki. Generally, we suggest authors follow the lead investigator’s na-
tional standard. If doubt exists whether the research was conducted
in accordance with the above standards, the authors must explain the
rationale for their approach and demonstrate that the institutional
review body explicitly approved the doubtful aspects of the study.
Before submitting, authors should make their study approved by
the relevant research ethics committee or institutional teview boatd.
If human participants were involved, manuscripts must be accom-
panied by a statement that the experiments were undertaken with the
understanding and appropriate informed consent of each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If experimental animals were used,
the materials and methods (experimental procedures) section must
clearly indicate that appropriate measures were taken to minimize
pain or discomfort, and details of animal care should be provided.

SUBMISSION OF MANUSCRIPTS

Manuscripts should be typed in 1.5 line spacing and 12 pt. Book
Antiqua with ample margins. Number all pages consecutively, and
start each of the following sections on a new page: Title Page,
Abstract, Introduction, Materials and Methods, Results, Discus-
sion, Acknowledgements, References, Tables, Figures, and Figure
Legends. Neither the editors nor the publisher are responsible for
the opinions expressed by contributors. Manuscripts formally ac-
cepted for publication become the permanent property of Baish-
ideng Publishing Group Co., Limited, and may not be reproduced
by any means, in whole or in part, without the written permission
of both the authors and the publisher. We reserve the right to copy-
edit and put onto our website accepted manuscripts. Authors should
follow the relevant guidelines for the care and use of laboratory ani-
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be provided with the contributed article to ensure the privacy and
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Authors should retain one copy of the text, tables, photo-
graphs and illustrations because rejected manuscripts will not be
returned to the author(s) and the editors will not be responsible
for loss or damage to photographs and illustrations sustained dur-
ing mailing,

Online submissions

Manuscripts should be submitted through the Online Submission
System at: http:/ /www.wignet.com/esps/. Authots are highly recom-
mended to consult the ONLINE INSTRUCTIONS TO AUTHORS
(http:/ /www.wignet.com/2220-3141/¢g_info_20100722180909.htm)
before attempting to submit online. For assistance, authors encoun-
tering problems with the Online Submission System may send an
email describing the problem to wjccm@wijgnet.com, or by tele-
phone: +86-10-85381892. If you submit your manuscript online, do
not make a postal contribution. Repeated online submission for the
same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION

All contributions should be written in English. All articles must be
submitted using word-processing software. All submissions must be
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample mar-
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Authorship: Authorship credit should be in accordance with the
standard proposed by ICMJE, based on (1) substantial contribu-
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interpretation of data; (2) drafting the article or revising it critically
for important intellectual content; and (3) final approval of the ver-
sion to be published. Authors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete
name of institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of Pathology, Chengde Med-
ical College, Chengde 067000, Hebei Province, China. One author
may be represented from two institutions, for example, George
Sgourakis, Department of General, Visceral, and Transplantation
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical
Department, Korgialenio-Benakio Red Cross Hospital, Athens
15451, Greece

Author contributions: The format of this section should be:
Author contributions: Wang CL and Liang L. contributed equally
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu
XM designed the research; Wang CL, Zou CC, Hong F and Wu
XM performed the research; Xue JZ and Lu JR contributed new
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of sup-
portive foundations should be provided, e.g., Supported by National
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Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address should be
provided. Author names should be given first, then author title, af-
filiation, the complete name of institution, city, postcode, province,
country, and email. All the letters in the email should be in lower
case. A space interval should be inserted between country name and
email address. For example, Montgomery Bissell, MD, Professor
of Medicine, Chief, Liver Center, Gastroenterology Division, Uni-
versity of California, Box 0538, San Francisco, CA 94143, United
States. montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of +, coun-
try number, district number and telephone or fax number, eg., Tele-
phone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review.
Normally, three experts are invited for each article. Decision on
acceptance is made only when at least two experts recommend
publication of an article. All peer-reviewers are acknowledged on
Express Submission and Peer-review System website.

Abstract

There are unstructured abstracts (no less than 200 words) and struc-
tured abstracts. The specific requirements for structured abstracts
are as follows:

An informative, structured abstract should accompany each
manuscript. Abstracts of original contributions should be struc-
tured into the following sections: AIM (no more than 20 words;
Only the purpose of the study should be included. Please write the
Aim in the form of “To investigate/study/...”), METHODS (no
less than 140 words for Original Articles; and no less than 80 words
for Brief Articles), RESULTS (no less than 150 words for Original
Articles and no less than 120 words for Brief Articles; You should
present P values where appropriate and must provide relevant data
to illustrate how they wete obtained, eg., 6.92 £ 3.86 »s 3.61 £ 1.67,
P < 0.001), and CONCLUSION (no more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, which
reflect the content of the study.

Core tip

Please write a summary of less than 100 words to outline the
most innovative and important arguments and core contents in
your papet to attract readers.

Text

For articles of these sections, original articles and brief articles, the
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and
DISCUSSION, and should include appropriate Figures and Tables.
Data should be presented in the main text or in Figures and Tables,
but not in both.

Hlustrations

Figures should be numbered as 1, 2, 3, ez, and mentioned clearly in
the main text. Provide a brief title for each figure on a separate page.
Detailed legends should not be provided under the figures. This part
should be added into the text where the figures are applicable. Keep-
ing all elements compiled is necessary in line-art image. Scale bars
should be used rather than magnification factors, with the length of
the bar defined in the legend rather than on the bar itself. File names
should identify the figure and panel. Avoid layering type directly over
shaded or textured areas. Please use uniform legends for the same
subjects. For example: Figure 1 Pathological changes in atrophic gas-
tritis after treatment. A: ...; B: .; C: ;D L Er L Frl G llete Tt s
our principle to publish high resolution-figures for the E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, ¢#., and mentioned
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clearly in the main text. Provide a brief title for each table. Detailed
legends should not be included under tables, but rather added into
the text where applicable. The information should complement,
but not duplicate the text. Use one horizontal line under the title, a
second under column heads, and a third below the Table, above any
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted. ‘P <
0.05,"P < 0.01 should be noted (P > 0.05 should not be noted). If
there are other seties of P values, “P < 0.05 and “P < 0.01 are used.
A third series of Pvalues can be expressed as “P < 0.05 and ‘P < 0.01.
Other notes in tables or under illustrations should be expressed as
'E, °F, °F; or sometimes as other symbols with a superscript (Arabic
numerals) in the upper left corner. In a multi-curve illustration,
each curve should be labeled with @, o, m, O, A, /\, e, in a cet-
tain sequence.

Acknowledgments

Brief acknowledgments of persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining
written permission to use any copyrighted text and/or illustrations.
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Coding system
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Rong Pan as Pan BR). The title of the cited article and italicized
journal title (journal title should be in its abbreviated form as shown
in PubMed), publication date, volume number (in black), start page,
and end page [PMID: 11819634 DOI: 10.3748/wjg13.539¢].

Style for book references
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Statistical data
Write as mean * SD or mean * SE.

Statistical expression

Eixptess 7test as # (in italics), F test as F (in italics), chi square test as ¥’
(in Greek), related coefficient as r (in italics), degree of freedom as v (in
Greek), sample number as 7 (in italics), and probability as P (in italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h,
blood glucose concentration, ¢ (glucose) 6.4 £ 2.1 mmol/L; blood
CEA mass concentration, p (CEA) = 8.6 24.5 pg/L; CO, volume
fraction, 50 mL/L CO,, not 5% CO,; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, efe. Arabic
numerals such as 23, 243, 641 should be read 23243 641.

The format for how to accurately write common units and
quantums can be found at: http://www.wjgnet.com/2220-3141/
¢ info_20100725073806.htm.

Abbreviations

Standard abbreviations should be defined in the abstract and on first
mention in the text. In general, terms should not be abbreviated unless
they are used repeatedly and the abbreviation is helpful to the reader.
Permissible abbreviations are listed in Units, Symbols and Abbreviations:
A Guide for Biological and Medical Editors and Authors (Ed. Baron
DN, 1988) published by The Royal Society of Medicine, London. Certain
commonly used abbreviations, such as DNA, RNA, HIV, LD50, PCR,
HBV, ECG, WBC, RBC, CT, ESR, CSE, IgG, ELISA, PBS, ATP, EDTA,
mAb, can be used directly without further explanation.

Italics

Quantities: 7 time or temperature, ¢ concentration, 4 area, /length,
7 mass, I volume.

Genotypes: gyrA, arg 1, ¢ mye, ¢ fos, ete.

Restriction enzymes: EcoRl, Hindl, BamHI, Kbo 1, Kpn 1, ete.

Biology: H. pylori, E coli ete.

Examples for paper writing
All types of articles’ writing style and requirement will be found in the
link: http:/ /www.wjgnet.com/esps/NavigatonInfo.aspxrid=15

RESUBMISSION OF THE REVISED
MANUSCRIPTS

Authors must revise their manuscript carefully according to the
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revision policies of Baishideng Publishing Group Co., Limited. The
revised version, along with the signed copyright transfer agreement,
responses to the reviewers, and English language Grade A certifi-
cate (for non-native speakers of English), should be submitted to
the online system zza the link contained in the e-mail sent by the edi-
tor. If you have any questions about the revision, please send e-mail
to esps@wjgnet.com.

Language evaluation

The language of a manuscript will be graded before it is sent for
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of language polishing
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