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Abstract

Globally, there has been an increasing number of cardiac surgery procedures performed year on year. The cardiac surgery patient
population is becoming older and are more likely to possess numerous comorbidities such as diabetes and hypertension, thereby
reducing their physiological reserve. Cardiac surgery, particularly on cardiopulmonary bypass, can induce a systematic inflammatory
response due to surgical trauma, the interaction of blood with foreign surfaces in extracorporeal circulation, endotoxemia and
ischemic reperfusion injury. The predominant molecular mediators of the systematic inflammatory response following cardiac
surgery include the complement system, the coagulation cascade, cytokines, neutrophils, and the vascular endothelium. If the
systemic inflammatory response is excessive, organ dysfunction may ensue. The organs commonly affected from the systemic
inflammatory response following cardiac surgery include the heart, lungs, kidneys, brain, intestinal and the vascular endothelium.
Alkaline phosphatase is a highly conserved metalloproteinase with four distinct isoforms in humans, including tissue non-specific,
intestinal, placental and germ cell alkaline phosphatase. Alkaline phosphatase may dephosphorylate and reduce the toxicity of
endotoxins, lipopolysaccharides, and extracellular nucleotides. In both animal studies and clinical trials, alkaline phosphatase

appears to be a promising therapeutic agent, capable of attenuating the systemic inflammatory response to cardiac surgery.
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Introduction to Cardiac Surgery

Cardiothoracic surgery is a rapidly evolving specialty of med-
icine concerned with the management of multiple pathologies of
organs within the thoracic cavity. At least two million cardiac sur-
geries are performed globally per annum, and this number con-
tinues to rise [1]. With an aging population, patients undergoing
surgery are more likely to be older and possess more comorbid-
ities such as diabetes and hypertension [2]. Patients undergoing
cardiac surgery with cardiopulmonary bypass (CPB) experience
systemic inflammation, resulting in post-operative complica-
tions and an increased risk of morbidity and mortality. Hence,
therapeutic measures which limit the inflammatory response to
cardiac surgery will improve surgical outcomes. This article will
describe the inflammatory response which occurs following car-
diac surgery performed on CPB and will review the use of alka-
line phosphatase as a novel therapeutic measure to attenuate such.

The Spectrum of Inflammation

Inflammation is a normal, physiological response to tissue
injury and insult [3]. This section will review the spectrum of
inflammation, the molecular mediators of inflammation and de-
scribe how the use of CPB is associated with inflammation.

The systemic inflammatory response syndrome (SIRS) de-
scribes a non-specific inflammatory cascade independent of the
cause. It is often considered as an extension of the physiological
immune response [4]. The clinical diagnosis of SIRs requires 2
or more of the following criteria as listed in Table 1. Cardiac sur-
gery is a well-established cause of SIRS. However, the propor-
tion of patients which develop a florid SIRS following cardiac
surgery is variable. All patients in Michalopoulos’s 1996 study
developed SIRS during the first 12 post-operative hours. In con-
trast, Squiccimarro et al. 2019 stated that 28.3% of their cohort
developed SIRS after 24 hours, while Boehne et al. 2017 had
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Table 1. Criteria for Diagnosis of Systemic Response Syndrome [4,

17, 18]
Parameter Value
Temperature >38°C or <36 °C
Respiratory Rate >20 breaths per minute or PaCO, <32 mmHg
Heart Rate >90 Beats per minute
WhieBand ot Count. 712000 L (Lot S0 sons

approximately 33% of their cohort develop SIRS [5, 6]. When
the inflammatory response is tightly controlled by homeostatic
and anti-inflammatory mechanisms, inflammation is generally
self-limiting. Postulated by Roger Bone, an anti-inflammatory
mechanism exists during sepsis, known as the compensatory
or counter anti-inflammatory response (CAR). The balance be-
tween SIRS and CAR is critical in determining the prognosis
of a surgical patient, with excessive inflammation associated
with an increased incidence of post-operative complications and
multi-organ dysfunction [7, 8]. Mortality following uncontrolled
SIRS has been reported to be as high as 90% in various studies
[9].

Recently, sepsis has been defined as life threatening organ
dysfunction caused by a dysregulated host response to infection
(Sepsis-3). Organ dysfunction is defined as an increase in 2 or
more points in the sequential organ failure assessment (SOFA).
The most common cause of sepsis is gram negative bacterial in-
fection [10]. Sepsis is associated with an increase in mortality of
greater than 10% and is [11, 12]. Sepsis is a significant contrib-
utor to morbidity and mortality, with a global incidence of 48.9
million cases, and accounts for 19.7% of global deaths in 2017.
Health care spending on managing sepsis is significant, costing
the United States government more than $20 billion USD per
annum [13]. It is also paramount to prevent the development of
sepsis, given that the survivors of sepsis are likely to experience
long term physical or psychological sequalae [14, 15].

Septic shock is defined as a form of sepsis which may be clini-
cally identified by the requirements for vasopressors to maintain
a mean arterial pressure (MAP) >65 mmHg and serum lactate
greater than 2mmol/L despite aggressive fluid resuscitation.
Septic shock is associated with a mortality rate of greater than
40% [11, 16].

The Activators of the Inflammatory Response in Car-
diac Surgery

During cardiac surgery with CPB, the inflammatory response
is activated by numerous mechanisms including surgical trau-
ma, the interaction of blood with the extracorporeal circulation,
endotoxemia and ischemic reperfusion injury (Figure 1) [9,19].

Surgical trauma

The act of performing an incision, such as with a midline
sternotomy in cardiac surgery, is associated with significant in-
flammation [19]. Trauma activates a significant immunological
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Figure 1. A pathway depicting how cardiac surgery with cardio-
pulmonary bypass activates inflammatory mediators leading to a
systemic inflammatory response syndrome (SIRS) and potentially
organ dysfunction. Adapted from Laffey et al. 2002 (4)

response to destroy microbial organisms and promote tissue
healing [20]. Nevertheless, tissue destruction may also release
toxic mediators into systemic circulation, exacerbating the in-
flammatory response [21].

Blood surface interactions during extracorporeal circulation

Contact activation of the immunological system occurs fol-
lowing an interaction between the patient’s blood with the for-
eign surfaces of the CPB circuitry [4]. This may result in throm-
bocytopenia, the release of platelet granular contents and the
synthesis of thromboxane [22]. These changes may clinically
manifest as haematological complications, particularly a pro-
longed bleeding time or potentially disseminated intravascular
coagulation (DIC). Additionally, initiation of the complement
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cascade may also occur following contact activation [23].
Translocation of endotoxins from the bowel (Endotoxemia)

Endotoxins, also known as lipopolysaccharides (LPS), are
pyrogens found within the cell wall of gram-negative bacteria.
Structurally, they consist of a lipid A moiety, an inner core, an
outer core and an O antigen. The lipid A moiety consists of two
phosphorylated glucosamine saccharides, with the phosphates
essential for toxicity [19]. Normally, endotoxins are produced
by commensal bacteria located within the GIT and are confined
to this location via endothelial cells. An interaction between
endotoxins and immunological mediators such as TLR4 would
promote an inflammatory response [24].

Endotoxins are released into systemic circulation during car-
diac surgery with CPB. It was initially believed that the endo-
toxins found within the body could be contaminants derived
from the environment, given they were also found in the pul-
monary artery and CPB equipment (cardiac suction lines and
arterial outlet oxygenators) [25]. However, it has been reported
that environmental endotoxins are ubiquitous, and are less likely
to be physiologically deleterious [26]. Currently, it is accepted
that ischemic-reperfusion injury of the gastrointestinal tract re-
sults in increased permeability and facilities the translocation of
endotoxins into the portal circulation. Excessive systemic endo-
toxin levels have been linked to organ dysfunction and multior-
gan failure [27-29]. The duration of aortic cross clamping during
CPB is also associated with the level of endotoxemia [19].

Ischemic reperfusion injury

Ischemic reperfusion injury is a phenomenon which involves
tissue and organ damage following the restoration of blood flow
to a previously ischemic region [30]. This may occur during
cardiac surgery following the release of the aortic cross clamp.
Aortic cross clamping is used during surgery to facilitate proce-
dures on the heart under cardioplegic arrest [31]. The release of
the aortic cross clamp is associated with the subsequent devel-
opment of multi-organ dysfunction following reperfusion of the
heart and other organs [32].

There are numerous causes of reperfusion injury. Firstly, the
production of radical oxygen species (ROS) may occur follow-
ing reperfusion of the previously ischemic organ [33]. ROS may
alternatively be generated via the activity of xanthine oxidase
and through neutrophil activation and migration [34]. Super-
oxide anion and peroxynitrite are examples of ROS which ap-
pear to be the predominant mediators during the initial phase
of ischemic reperfusion injury [35]. Additionally, ischemia
promotes the intracellular accumulation of hydrogen ions, cal-
cium ions and other cellular toxins resulting in acidosis. With
reperfusion, there is a rapid alteration in ionic movement to cor-
rect the acidosis. However, this paradoxically results in cellular
cytotoxicity [36]. Moreover, the accumulation of intracellular
calcium ions coupled with the enhanced entry of calcium ions
due to ionic corrections during reperfusion result in enhanced
myofibrillar contractility and myocardial stunning [34]. Myo-
cardial stunning refers to a prolonged, yet reversible dysfunc-
tion of the myocardium following reperfusion injury [33, 37].

The Underlying Molecular Mediators of Inflammation

There are several molecular mediators of inflammation during

cardiacsurgery, includingthecomplementsystem, the coagulation
cascade, cytokines, neutrophils, nitric oxide and the endothelium.

The complement system

The complement system consists of over 30 serum proteas-
es which are systematically cleaved to produce active proteins
responsible for opsonisation, inflammation and immune clear-
ance [38]. Whilst they are considered a component of the innate
immune system, they also act as an important bridge with the
antibody dependent and cellular mediated immune responses.
There are three characterised pathways of the complement sys-
tem, including the classical pathway, the alternative pathway,
and the mannose binding lectin pathway. The activation require-
ments of the respective pathways are different, but they all result
in the production of anaphylatoxins ‘C3 and C5’ effector mole-
cules and the membrane attack complex for cellular destruction.
The activation of the classical pathway involves the binding of
complement molecule ‘C1’ to functional regional region of an
antibody currently bound to an antigen (i.e. antibody-antigen
complex). On the other hand, the activation of the alternative
pathway involves the direct binding of the complement mole-
cule ‘C3’ to the microbial surface. Lastly, the activation of lectin
pathway involves the activation of the complement molecule
‘C3’ through the binding of lectin to mannose on the microbial
surface [39-41].

During cardiac surgery, complement is activated via blood
surface interactions with extracorporeal circulation, ischemic
reperfusion injury, and the reversal of heparinization [38, 42].
The adsorption of complement proteins (C3) to the extracorpo-
real circulation circuitry, results in the activation of the alterna-
tive complement pathway. Conversely, the neutralisation of hep-
arin with protamine following the completion of cardiac surgery
results in the formation of heparin-protamine complexes. These
complexes have been shown to activate the complement cascade
via the classic pathway [4]. In contrast, there is no clearly estab-
lished mechanism to explain the predominant complement path-
way activated in ischemia-reperfusion injury [43]. However, it
is known that the complement protein C5a may facilitate ROS
generation through the activation of xanthine dehydrogenase
and the activation of membrane attack complexes [38, 44].

Most of the current literature suggest that increased com-
plement levels following cardiac surgery are correlated with
poorer clinical outcomes. Holmes et al 2002 observed that in-
creased levels of C3a was associated with increased postoper-
ative bleeding and delayed extubation times [44]. Weisman et
al. 1990 demonstrated that the use of a complement activator
inhibitor may significantly reduce myocardial necrosis after
ischemic-reperfusion injury [45]. Recently, a C5 binding mono-
clonal antibody, Pexelizumab, has been developed. A phase 11
trial suggested that it is effective at reducing both 30 and 180 day
mortality rates compared to placebo [46].

The coagulation cascade

The coagulation cascade consists of an intrinsic and extrin-
sic pathway, which converge onto a common pathway leading
to thrombin formation and the production of an insoluble fibrin
clot. The intrinsic pathway is activated by exposed endotheli-
al collagen following tissue damage. Conversely, the extrinsic
pathway is activated by tissue trauma, which facilitates the re-
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lease of tissue factor [47]. The coagulation cascade is linked
with inflammation, as activated platelets release inflammatory
cytokines and facilitate leukocyte activation [48].

There are conflicting theories describing the activation of the
coagulation cascade during CPB. It was thought that the intrin-
sic pathway is predominantly activated following the contact of
factor XII against the CPB circuitry. However, Burman et al.
1994 reported that patients with factor XII deficiency were still
able to generate thrombin [49]. In contrast, Somer et al. 2002
observed that tissue factor is the main activator of the coagula-
tion cascade during CPB [50].

Cardiac surgery promotes a prothrombotic state. The in-
tra-operative use of heparin minimises blood coagulation
within the CPB circuit but does not prevent it completely [51].
Hence, thrombin production still occurs due to vascular injury
from CPB, resulting in the consumption of clotting factors and
coagulopathy following surgery [52].

Cytokines

Cytokines are signalling molecules with pro-inflammatory or
anti-inflammatory characteristics. They are predominantly pro-
duced by macrophages, monocytes and lymphocytes [53, 54].
Cytokines act on a range of immunological mediators such as
leukocytes or the endothelium. They may act locally, or travel
via the systemic circulation or lymphatic system to exert their
effects. The surgically relevant pro-inflammatory cytokines in-
clude interleukin-6 (IL-6), interleukin-8 (IL-8) and tumour ne-
crosis factor a (TNFa) [53]. In contrast, the important surgical
anti-inflammatory cytokines include interleukin-10 (IL-10) and
interleukin-1 receptor antagonist (IL-1ra) [55].

In cardiac surgery, the pro-inflammatory response often over-
rides the anti-inflammatory response. The level of serum IL-6
is increased during CPB and remains clevated for 48 hours
postoperatively [56]. IL-6 is the predominant activator of the
acute phase response during inflammation [57]. The level of
IL-6 may be used to predict outcomes in patients undergoing
cardiac surgery. Bairer et al. 2021 demonstrated that increased
levels of IL-6 is associated with increased mortality and pro-
longed ICU admission following cardiac surgery [58]. Similar-
ly, Zhang et al. 2015 suggests that increased levels of plasma
IL-6 may predict acute kidney injury (AKI) after cardiac sur-
gery [59]. Hirai et al. 2003 observed that the duration of SIRS
significantly correlated with the level of IL-6 and duration of
the aortic cross clamp time [60]. Additionally, IL-8 acts as a
potent neutrophil chemoattractant and may contribute to myo-
cyte injury [60]. Mehmet et al. 1995 demonstrated IL-8 may
facilitate myocyte injury following prolonged cardiac ischemia,
while Frering et al. 1994 suggests that IL-8 may play a crucial
role in the pathophysiology of ischemic-reperfusion injury [61,
62]. TNFais involved in stimulating neutrophil functions such
as the generation of ROS and trans-endothelial migration [63].
However, there are conflicting findings regarding the TNFore-
sponse following cardiac surgery [53]. For example, Ozawa et
al. 2000 demonstrated a significant increase in TNFafollowing
cardiac surgery, whereas Finn et al. 1993 did not [64, 65].

Neutrophils

Neutrophils, also known as polymorphonuclear cells, are the
hallmark of acute inflammation [66]. As a crucial component

of the innate immune system, they are responsible for phago-
cytosis of invading organisms, formation of extracellular traps,
degranulation and production of reactive oxygen species [67].
Upon degranulation, neutrophils release elastase and myeloper-
oxidase, which function to destroy microbial features such as
virulence factors and cell walls [68]. Furthermore, during in-
flammation, neutrophils are capable of quickly migrating to the
insulted area by following chemotactic signals and cytokines.
Cytokines upregulate the expression of adhesion molecules such
as selectin and integrins on the endothelium, allowing neutro-
phils to migrate to the desired area [69].

Cardiac surgery with CPB is associated with an increased sys-
temic concentration of elastase and myeloperoxidase, indicating
there is increased neutrophil activity [70]. Neutrophils have been
described as the potential effectors of ischemic reperfusion inju-
ry following CPB and appear to be drive pulmonary dysfunction
[70, 71]. Additionally, neutrophil priming may occur after CPB
because of mechanical sheer stress, resulting in an enhanced
sensitivity to future stimuli. This decreases the threshold for sys-
temic inflammation when challenged by future insults [72].

End Organ Dysfunction due to Cardiac Surgery Relat-
ed Inflammation

Endothelial dysfunction

The endothelium is important for regulating vascular tone, the
coagulation cascade, and trans-endothelial migration of neutro-
phil during inflammation [73]. Vascular tone is tightly controlled
via factors including nitric oxide, endothelin, endothelium de-
rived hyperpolarising factor and prostacyclin [74, 75]. The en-
dothelium is an important mediator in the coagulation cascade,
given tissue injury may lead to the activation of the intrinsic and
extrinsic pathways [76]. As previously stated, trans-endothelial
migration of neutrophils is achieved through the upregulation
of adhesion molecules on the endothelial surface in response to
pro-inflammatory cytokines such as selectin and integrins [69].

Following CPB, there is significant endothelial dysfunction
in the pulmonary, cerebral and myocardial vessels. A pro-in-
flammatory state induced by CPB results in the generation of
pro-inflammatory cytokines such as IL-1B and TNFa, which
inhibit the production and bioavailability of endothelial vaso-
dilators such as nitric oxide [4]. This commonly manifests as
pulmonary hypertension due to an increase in pulmonary vascu-
lar resistance [77]. This is confirmed by an improvement in the
pulmonary vascular resistance following the supplementation of
nitric oxide [78]. Furthermore, microvascular dysfunction is as-
sociated with ischemic reperfusion injury.

The balance between endothelium dependent vasodilation
and vasoconstriction is shifted towards excessive vasoconstric-
tion through the production of endothelin-1 and ROS, resulting
in the exacerbation of tissue ischemia. Endothelial dysfunction
may also induce platelet aggregation, promoting a prothrombot-
ic state [33, 79]. From a different perspective, the importance
of the endothelium is highlighted by the superior patency of the
internal mammary artery compared to other conduits such as the
saphenous vein used for CABG. The internal mammary artery
releases higher levels of endothelium relaxing factors such as
nitric oxide, contributing to a longer patency and duration of use
[73].
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Cardiovascular dysfunction

Major cardiovascular complications occur in at least 10% of
patients undergoing coronary artery bypass grafting (CABG),
including myocardial infarction, heart failure and cardiac death.
These cardiovascular complications cost the United States an
additional $2 billion USD per annum [80].

Cardiovascular dysfunction following CPB is largely due to
ischemic-reperfusion injury [4]. This may clinically manifest
as perioperative myocardial infarction, low cardiac output, ar-
rhythmias and myocardial stunning [34]. Weman et al. 2000
demonstrated that ischemic-reperfusion injury caused a quarter
of patient deaths following CABG via histological confirmation
of contraction band necrosis on myocytes [81]. Similarly, Moore
et al. 1981 demonstrated the presence of contraction band ne-
crosis in myocytes in 45% of patients who underwent CABG
(82). In a neonatal porcine model, piglets undergoing CPB had
a larger decrease in cardiac output and poorer oxygenation com-
pared to the piglets undergoing sham surgery. These piglets also
demonstrated an increased accumulation of neutrophils within
the myocardium [83].

Pulmonary dysfunction

Acute lung injury and acute respiratory distress syndrome are
common manifestations following cardiac surgery, character-
ised by hypoxemia, bilateral pulmonary infiltrates, and normal
pulmonary capillary wedge pressure [4, 84]. Pulmonary dys-
function post cardiac surgery may also manifest as increased
vascular resistance, reduced pulmonary compliance, increased
arteriovenous oxygen gradients and leakage of fluid into the in-
terstitium [55]. The mortality rate of acute respiratory distress
syndrome is 40% in the general population, but doubles to 80%
in the cardiac surgery population [85].

The currently accepted pathophysiological mechanism of
pulmonary dysfunction post cardiac surgery is ischemic-reper-
fusion injury and leucosequestration of neutrophils into the pul-
monary parenchyma [70]. This is supported by the increased
concentration of elastase released by neutrophils within the hu-
man pulmonary parenchyma, where it may exert its proteolytic
activity [86, 87]. Furthermore, polymorphisms in human IL-6
and IL-18 genes have recently been demonstrated to increase the
susceptibility of developing pulmonary dysfunction following
cardiac surgery, reinforcing the deleterious effect of a systemic
pro-inflammatory state [88, 89]. Animal models support the in-
volvement of neutrophils in pulmonary dysfunction following
CPB. Lung biopsies obtained from a porcine model subjected to
CPB revealed abundant neutrophils, intra-alveolar haemorrhage
and oedema [90]. Additionally, the use of an endothelial adhe-
sion monoclonal antibody reduced the adhesion of neutrophils
to the lung parenchyma in a rabbit model during ischemic reper-
fusion injury [91].

Renal dysfunction

Renal dysfunction such as AKI occurs in up to 18% of pa-
tients following cardiac surgery and is associated with signifi-
cant morbidity and mortality [92]. A longer duration of CPB is
associated with an increased incidence of renal dysfunction [93].
The extent of renal damage may potentially be predicted by an
increase in renal tubular enzymes and an increased concentration

of elastase [94]. Numerous mechanisms may contribute to renal
dysfunction following cardiac surgery. The pro-inflammatory
state induced by CPB results in the release of cytokines such
as TNFa, which promotes the deposition of inflammatory cells
and fibrin within the renal tubular cells and glomerulus. This re-
sults in local vasoconstriction and renal cell death, reducing the
glomerular filtration rate [95]. Additionally, CPB is associated
with the depletion of antioxidants in renal tubular cells, allow-
ing reactive oxygen species to accumulate and damage renal
epithelial cells [96]. Ischemic renal injury may also increase the
sensitivity of the renal vasculature to vasoconstrictive stimuli,
further reducing renal perfusion [97].

Cerebral dysfunction

The incidence of focal neurological defects such as tran-
sient ischemic attacks and perioperative stroke range between
1-5% following cardiac surgery. In contrast, up to 80% of pa-
tients experience cognitive decline post cardiac surgery [98].
Unfortunately, the underlying mechanism leading to cerebral
dysfunction following cardiac surgery is poorly understood.
Micro and macroembolization is one proposed mechanism of
cerebral injury. It has been suggested that emboli composed
of lipids originating from pericardial aspirate are returned to
the CPB circuitry, where they may be distributed to the cere-
bral vasculature [99]. Additionally, emboli may develop from
post-operative arrhythmias such as atrial fibrillation [100]. In
contrast, cerebral dysfunction may alternatively occur via isch-
emic-reperfusion injury, with a 4x increase in the likelihood of
cerebral dysfunction when patients experience a drop in systol-
ic blood pressure below 50 mmHg for greater than 10 minutes
during surgery [101]. The hypoperfusion of the brain may result
in reduced clearance of emboli, leading to cerebral dysfunction
[102, 103]. Furthermore, ischemic reperfusion injury may dam-
age the blood-brain barrier, resulting in the passage of inflam-
matory mediators and oedema [104, 105].

Alkaline Phosphatase
Basics

Alkaline phosphatases (AP) are a family of metalloproteinas-
es conserved across different species including bacteria and hu-
mans [106]. There are currently four characterised isoforms in
humans, including tissue nonspecific AP (TNAP) and three tis-
sue specific isoforms. The three tissue specific isoforms include
intestinal, placental, and germ-cell isoforms. Tissue non-specif-
ic AP are the predominant isoform, and are typically found in
the bone, liver and kidneys [107, 108].

Structure

AP is physiologically active as a homodimer, with each
monomer consisting of 524 amino acid residues. AP’s active
site consists of three metallic ions, including a Magnesium
(Mg2+) ion, and two Zinc (Zn2+) ions, as well as a Serine (S)
residue which acts as the binding site for phosphate molecules
[107, 109]. AP is anchored to the cell membrane via glycosyl-
phosphatidylinositol (GPI) [110]. A three-dimensional crystal
structure of AP is depicted in Figure 2.

Function

Many physiological functions of AP are yet to be elucidated.
However, the most well-known function of AP arises from the
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Figure 2. A three-dimensional crystal structure of Alkaline Phosphatase, a homodimer. The active
site is depicted in fluorescent-green and consists of three metallic ions including two Zinc (Zn2+)
ions and one Magnesium (Mg2+) ion. The glycosylphosphatidylinositol (GPI) molecule is respon-
sible for anchoring alkaline phosphatase to the cell membrane. Image by Millian et al 2016. [111]

actions from tissue nonspecific AP found within the bone. Tissue
non-specific AP found within the bone is responsible for bone
mineralisation, increasing the availability of phosphate to allow
for the deposition of extracellular matrix (hydroxyapatite) [107].
The intestinal form of AP is likely to facilitate intestinal absorp-
tion [106]. The intestinal, placental, and liver isoforms of AP may
promote barrier defence by sitting outside cell membranes via the
GPI anchor. When the inflammatory immune response is stimu-
lated, AP is upregulated and cleaved from its GPI anchor on the
cell membrane and subsequently released into systemic circula-
tion [108, 110, 112]. AP can dephosphorylate one to two phos-
phates from the Lipid A group of LPS. LPS induced inflammation
is attenuated by AP in several in vivo models. For example, Bue-
mer et al. 2003 demonstrated that in mice affected by LPS sepsis,
there was an 80% survival rate associated with the administration
of calf intestinal AP [113]. Similarly, Bentala et al. 2002 observed
that the administration of placental human AP resulted in a 100%
survival rate in mice challenged with LPS [114].

Polestra et al. 1997 postulated that AP may also dephosphor-
ylate extracellular nucleotides such as adenosine triphosphate
(ATP), adenosine diphosphate (ADP) and adenosine monophos-
phate (AMP) into non-inflammatory nucleosines [108, 109, 115].
Intracellularly, the hydrolysis of ATP, ADP and AMP provide
energy for physiological processes. However, when these mole-
cules are found extracellularly, they are pro-inflammatory, induce
vasoconstriction and promote platelet aggregation [116, 117].

This theory was confirmed by Davidson et al. 2016, who an-
alysed the relationship between AP activity and 13C5-adenosine
(radioactive form of adenosine) levels in infants undergoing CPB.
They observed an association between the activity of AP and the
production of 13C5-adenosine. When AP was challenged with a
higher serum level of 13C5-AMP, a potential substrate, there was
increased production of 13C5-adenosine (r=0.84; p<0.0001). In
contrast, when AP was challenged with a lower level of 13C5-

AMP, there was reduced production of 13C5-adenosine (r=0.50;
p<0.05). The supplementation of AP has also been shown to sig-
nificantly increase the production of 13C5-adenosine (p<0.0001)
[116]. These findings suggest that AP can dephosphorylate both
endotoxins and extracellular nucleotides, and the activity of AP is
increased when there is an increased concentration of substrates.

Davidson et al. 2016 demonstrated that AP is likely to be the
main enzyme to convert extracellular AMP into adenosine. Pre-
viously, CD73 has been reported as the main enzyme to convert
AMP into adenosine (118). Therefore, to identify whether AMP
or CD73 is the main enzyme, a TNAP inhibitor (MLS-0038949)
and CD73 inhibitor was used on several post-operative samples.
The TNAP inhibitor was significantly more effective at reduc-
ing the production of 13C5-adenosine when compared to no in-
hibitor (2.7 umol/L vs 11.9umol/L; p<0.0001). In contrast, the
CD73 inhibitor was less effective at reducing the production of
13C5-adenosine when compared to no inhibitor (2.7 umol/L vs
8.3 umol/L; p<0.0001). Overall, these results suggest that AP is
the main enzyme to dephosphorylate AMP, however, there were
no direct comparisons drawn between the two inhibitors [116].

Loss of AP during cardiac surgery

Neutze et al. 1974 provided one of the initial studies to demon-
strate that the level of AP decreases following cardiac surgery
with CPB [119]. Lum et al. 1989 demonstrated a 48% reduction
in AP activity in patients undergoing CPB compared to a 15%
reduction in patients not undergoing CPB [120]. Kats et al. 2012
illustrated a reduction in the level of plasma AP within 2 hrs after
the commencement of surgery, but this normalised by 24 hours
[121]. Davidson et al. 2012 conducted a sub-analysis of a pro-
spective observational study which aimed to analyse the kinet-
ics of calcitonin in infants undergoing cardiac surgery. Patients
were divided into the following intervention groups: “no CPB”,
“CPB”, “delayed sternal closure”. A significant reduction in the
level of AP was seen post-operatively in all groups but this loss
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was highest in the CPB and delayed sternal closure groups. Inter-
estingly, patients undergoing cardiac surgery without CPB also
demonstrated a reduction in the level of AP [122]. This suggests
that the reduction in AP during cardiac surgery cannot be solely
attributed to the use of CPB. Davidson et al. 2017 reinforced
their previous findings, demonstrating that the level of AP is de-
creased following CPB (median decrease of 89 U/L; p<0.0001).
However, they characterised that this loss is predominantly via
the bone and liver-2 isoforms. The majority of AP loss occurred
within 6 hours post-operatively. AP continued to decrease un-
til 24 hours post-operatively in up to a third of patients, where
it began to rise until the final measured timepoint of 72 hours
post-operatively (P<0.0001) [109].

The mechanism underlying the loss of AP during cardiac sur-
gery is poorly understood. Loss of AP during CPB because of
the filtration system is unlikely to be culprit. The molecular size
of AP (>65,000 Daltons) is larger than the CPB filter, which gen-
erally filters particles greater than 40 microns [122, 123]. Liver
injury has also been proposed as a mechanism to explain the
loss of AP during cardiac surgery [124]. However, Davidson et
al. 2012 demonstrated that the level of AP was inversely relat-
ed to the level of ALT. This contradicts the typical pattern of
hepatocellular injury, where ALT should be decreased on liver
function tests [122, 125]. Additionally, the consumption of AP
to neutralise detrimental extracellular nucleotides generated by
a systemic inflammatory response during CPB is a feasible hy-
pothesis [110]. On the contrary, a reduction in the level of AP is
still observed during off-pump cardiac surgery, suggesting that
there are other causes for the loss of AP [109].

Safety profile of AP supplementation

Animal models of inflammation and sepsis provide key in-
formation regarding pharmacokinetics and the initial safety pro-
file for drugs. Beumer et al. 2003 demonstrated that bovine AP
attenuates the LPS mediated inflammatory response in piglets
and mice by up to 80%. The dose of bovine AP up to 5354 U/
KG was well tolerated [113]. There have been limited studies
assessing the safety of AP supplementation in humans. Peters et
al. 2015 conducted a phase 1, randomized, double blinded pla-
cebo-controlled trial to analyse the tolerability of recombinant
AP (recAP). Recombinant AP was administered as a single, one-
hour intravenous infusion (Doses varying from 200, 500, 1000
or 2000 U/kg; n = 33), or as multiple infusions (500 or 1000 U/
kg; n=18), over three consecutive days. The drug was well toler-
ated, even at the highest dose of 2000 U/kg and serum antibodies
against AP were not detected. The half-life of recombinant AP
was long, ranging between 49-58 hours in the single infusion
group, whilst ranging between 63-66 hours in the multiple infu-
sion group. The serum concentration of recombinant AP peaked
at the end of the 1-hour supplementation, before quickly declin-
ing to 10% of this value 4 hours post supplementation [126].
Pickers et al 2008 conducted a double blind, placebo-controlled
study to examine the pharmacokinetics and pharmacodynam-
ics of exogenously administered AP in both healthy and septic
patients. They found exogenous AP follows linear pharmacoki-
netics. A stable level of serum AP may be achieved by admin-
istering a loading dose of 67.5 U/kg followed by a continuous
IV infusion of AP within the range of 132.5 - 177.5 U/KG. An

elimination half-life of 8-12 hrs was noted [127].
Clinical trials of alkaline phosphatase in cardiac surgery

The clinical trials using alkaline phosphatase during cardiac
surgery have focussed on three broad areas; to assess the physi-
ological implications of AP supplementation, the potential of AP
to modulate the inflammatory response during cardiac surgery,
and assess the clinical implications resulting from the loss of AP
during cardiac surgery. A flow chart of the included studies is
depicted in figure 3.

Supplementation of AP to increase De Novo synthesis

Kats et al. 2012 conducted a prospective randomised study
of 63 patients undergoing CABG and demonstrated that sup-
plementation of bovine intestinal AP (biAP) would induce the
release of endogenous AP. Compared to the placebo group, the
biAP supplementation group demonstrated a significant rise in
the level of plasma AP 4-6 hours post-operatively (Pre-operative
levels: 70.50 +15.63 IU/L; 4-6 hrs Post Operatively: 354.97 + 95
IU/L). This rise in plasma AP was confirmed to be caused by the
de novo synthesis of AP as this peak is significantly larger than
the administered dose. It was also established that the form of
AP predominantly produced by the body during AP supplemen-
tation is tissue nonspecific AP, via the use of a tissue non-specific
AP inhibitor (L-homoarginine) [121].

AP to modulate the inflammatory response during cardiac
surgery

Kats et al. 2009 conducted a phase II double blind randomized
study involving 63 patients to evaluate the anti-inflammatory ef-
fects of biAP compared to placebo in patients undergoing CABG
with CPB (aka APIRRED Study). BiAP was administered as an
intravenous bolus (1000 IU) prior to the commencement of sur-
gery, followed by the immediate commencement of a continu-
ous intravenous infusion (5.6 U/kg / hr) for 36 hours. Both the
placebo and AP group exhibited a low inflammatory response,
possibly due to a short aortic cross clamp time and the appli-
cation of normothermia during CPB. However, five patients in
placebo group had a large increase in the plasma concentration
of TNFa which occurred 4 hours following the induction of sur-
gery (Mean peak level: 108.1 £ 205.9 pg/ml). This was followed
by an increase in the plasma level of other pro-inflammatory cy-
tokines IL-6 (Mean peak: 682.6 + 965.0 pg/ml) and IL-8 (Mean
peak: 641.9 £ 836.7 pg/ml). In contrast, this large increase in
pro-inflammatory cytokines was not recorded in the AP group
(p<0.05). The patients enrolled in this study were lower risk sur-
gical patients, as defined by a low to intermediate EUROSCORE
[128].

Presbitero et al. 2018 produced a quantitative, validated mod-
el to analyse the effect of AP supplementation following car-
diac surgery. They used data from clinical trials including the
APIRRED trial discussed above. Their results revealed that AP
supplementation results in a protective effect for cardiac surgery
patients, via the de novo synthesis of AP [108].

Davidson et al. 2019 investigated whether there was an asso-
ciation between the serum level of AP and the clearance of endo-
toxins in 62 infants aged < 120 days undergoing CPB. The level
of endotoxins was measured using an endotoxin activity assay
(EAA) pre-operatively, during the rewarming phase of CPB and
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Figure 3. Flow chart depicting the process of article inclusion for this review

one day post-operatively. Serum AP levels were measured at the
same time points as for endotoxins above. The authors found
that during CPB, serum AP levels were decreased by a mean of
94.8 U/L (P<0.001). Participants with a lower level of AP had
a significantly higher levels of endotoxins measured pre-opera-
tionally (P<0.05) and during rewarming (P<0.01). Additionally,
in 22 blood samples, the investigators examined whether the
ex vivo supplementation of 1,600 U/L of human liver AP into
pre-operative serum samples would reduce the level of endo-
toxins. Ex vivo supplementation of AP into pre-operative (mean
EAA reduction of 29%; P<0.001) and post-operative (mean
EAA reduction of 51%; P<0.0001) blood samples of patients
who underwent CPB significantly reduced the levels of serum
endotoxins. This study is one of the largest studies demonstrat-
ing the anti-inflammatory effects of AP in infants undergoing
cardiac surgery [129].

Alloksys Life Sciences is currently conducting a phase III
study (APIRRED III) to assess whether the prophylactic admin-
istration of bovine intestinal AP can reduce the incidence and
severity of AKI following cardiac surgery with CPB compared
to placebo. AP will be administered as a bolus (1000 IU) at the

start of the surgery, immediately followed by a large infusion
(9000 IU) over 24 hours. Patients will then be followed up four
weeks, assessing for the occurrence of AKI, length of hospital
stay and mortality rates [130].

AP as a prognostic marker during cardiac surgery

Whilst the supplementation of AP during cardiac surgery is
being explored for therapeutic purposes, changes in the level
of AP may additionally be used as a prognostic factor. The loss
of AP during cardiac surgery is correlated with poorer clinical
outcomes. Through linear modelling, Davidson et al. 2012 illus-
trated that for each 10 U/L decrease in serum AP on post-oper-
ative day (POD) 1, there was a 6% increase in intubation times
(p<0.001), a 5% increase in the length of hospital stays (p<0.05)
and an increase in the vasoactive inotropic score at 24 hrs (VIS-
24) by 0.7 (p<0.0001) (122). Davidson et al. 2017 demonstrated
that low AP levels (defined as <80 U/L) at 72 hours post-oper-
atively was associated with an increased odds of major cardio-
vascular events in infants, including cardiac arrest, unplanned
post-operative mechanical circulatory support, or death within
30 days (OR 5.6; p<0.05) [109]. Schaefer et al. 2020 observed
that a greater than 50% reduction in baseline level of AP follow-

European Journal of Respiratory Medicine



Eur J Respir Med 2021, 3:2

195

ing surgery was associated with a significantly higher hospital
mortality, longer duration of intensive care and requirement for
prolonged mechanical ventilation (defined as >24 hrs) (p<0.05).
However, it should be noted that the same patients who expe-
rienced these large drops in AP required a longer duration of
CPB and were more likely to require extracorporeal membrane
oxygenation support, suggesting they may have more compli-
cated disease (p<0.001) (110). Poschner et al. 2021 divided their
patients based on the reduction of AP from baseline following
surgery into > 60% decrease, or <60% decrease. They found
that patients with a > 60% drop of AP following cardiac surgery
were more likely to require renal replacement therapy (61.9%
vs 40.9%; p=0.002), more likely to experience bleeding compli-
cations (60.0% vs 40.0%; p= 0.003) and have poorer outcomes
at one year (p=0.031), compared to patients with a <60% drop
in AP [131].

Conclusion

This review examines the inflammatory response to cardiac
surgery, the current understanding of alkaline phosphatase and
the potential of alkaline phosphatase a novel therapeutic agent to
reduce inflammation post cardiac surgery. Alkaline phosphatase
appears to be effective for reducing the inflammatory response
during cardiac surgery in several clinic trials and is currently
being examined in a phase III trial. If the efficacy of alkaline
phosphatase is confirmed and its use is implemented into clin-
ical practice, there would be a considerable reduction in the
healthcare spending and patient morbidity due to post-operative
complications resulting from inflammatory following cardiac

surgery.
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