Article type: Review

Title: Non-oncotic properties of albumin. A multidisciplinary vision about the

implications for critically ill patients

Authors: Ricard Ferrer', Xavier Mateu?, Emilio Maseda®, Juan Carlos Yébenes®*, César

Aldecoa®, Candelaria de Haro®, Juan Carlos Ruiz-Rodriguez*, José Garnacho-Montero’

Affiliations:

1. Intensive Care Department, Vall d’Hebron University Hospital; Shock, Organ
Dysfunction and Resuscitation Research Group (SODIR), Vall d’Hebron Institut de

Recerca; Barcelona, Spain

2. Pharmacy Department. Hospital del Mar; Barcelona, Spain
(FMateu@parcdesalutmar.cat)

3. Anesthesiology and Resuscitation Department, La Paz University Hospital; Madrid,

Spain (emilio.maseda@gmail.com)

4. Intensive Care Department, Mataro Hospital; Mataro, Spain

(juancarlos.yebenes@gmail.com)

5. Anesthesiology and Resuscitation Department, Rio Hortega Hospital; Valladolid,

Spain (caldecoaal@saludcastillayleon.es)
6. Intensive Care Department, Sabadell Hospital; Barcelona, Spain (cdeharo@tauli.cat)

7. Unidad Clinica de Cuidados Intensivos, Hospital Universitario Virgen Macarena.
Instituto de Biomedicina de Sevilla (1BIS); Sevilla, Spain

(jose.garnacho.sspa@juntadeandalucia.es)



Corresponding author:

Dr. Ricard Ferrer

Hospital Universitari Vall d’Hebron

Intensive Care Department / SODIR Research Group
UCI, Annex Area General, 5™ floor

Passeig de la Vall d’Hebron, 119-129

08035 Barcelona (Spain)

Tel. +34 93 489 44 20; email: r.ferrer@vhebron.net

Acknowledgements: The authors are grateful to Francisco Mota and Jordi Bozzo
(Grifols) for their organizational and editorial support in the successful preparation of

the manuscript.

Financial and competing interest disclosure: The study and the authors did not receive
any financial support. Ricard Ferrer has received payments for consultancies from

Grifols. The other authors declare no competing interests.



Abstract

Introduction: Effective resuscitation with human albumin solutions is achieved with less
fluid than with crystalloid solutions. However, the role of albumin in today’s critical

care unit is also linked to its multiple pharmacological effects.

Areas covered: The potential clinical benefits of aloumin in select populations of
critically ill patients like sepsis seem related to immunomodulatory and anti-
inflammatory effects, antibiotic transportation and endothelial stabilization. Albumin
transports many drugs used in critically ill patients. Such binding to albumin is
frequently lessened in critically ill patients with hypoalbuminemia. These changes could
result in sub-optimal treatment. Albumin has immunomodulatory capacity by binding
several bacterial products. Albumin also influences vascular integrity, contributing to
the maintenance of the normal capillary permeability. Moreover, the albumin molecule
encompasses several antioxidant properties, thereby significantly reducing re-
oxygenation injury, which is especially important in sepsis. In fact, most studies of
albumin administration are a combination of a degree of resuscitation with a degree of

maintenance or supplementation of albumin.

Expert commentary: The potential clinical benefits of the use of aloumin in selected
critically ill patients such as sepsis seem related to its immunomodulatory and anti-
inflammatory effects, antioxidant properties, antibiotic transportation and endothelial
stabilization. Additional studies are warranted to further elucidate the underlying

physiologic and molecular rationale.
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1. Background

Human serum albumin is the most abundant circulating protein in the body. Besides its
well-known oncotic function, albumin is known to have many non-oncotic properties
(also called pharmacological properties) that may be relevant to its actions under
physiological circumstances and in disease [1, 2]. Although therapeutic albumin has
been given for many decades in a large number of diseases, and has demonstrated its
safety in critically ill patients [3], a debate is still ongoing about the use of albumin in
this setting [4]. Albumin administration is not necessary in all critically ill patients and
should be reserved for use in specific groups of patients in whom there is evidence of
benefit [5]. Recently, the Surviving Sepsis Guidelines suggest the use of albumin in
addition to crystalloids for initial resuscitation and subsequent intravascular volume
replacement in patients with sepsis and septic shock [6]. On the other hand, a hypotonic
albumin solution should be avoided as a resuscitation fluid in patients with traumatic

brain injury, based on the results of the SAFE sub-group analysis [7].

Among the multiple physiological functions of albumin, there is the regulation of the
oncotic pressure, the transport of multiple substances including multiple drugs, the
maintenance of acid-base balance, and others, which are particularly relevant in the
critical patient [1]. It is also well established that low albumin levels, a common
occurrence in critically ill patients, are associated with worsened outcomes [3, 8].
Therefore, there are quite a few arguments to consider the administration of aloumin to

those patients.

The objective of this review is to analyze if there is a rationale justifying albumin
administration in critically ill patients due to its pharmacological properties beyond its

effect as a volume expander. The following key non-oncotic effects associated with the



action of albumin have been explored: drug binding and drug interactions;
immunomodulation; anti-inflammation; endothelial stabilization; capillary permeability;

antioxidant; hemostasis; and acid-base balance.

2. Non-oncotic properties of albumin

2.1. Albumin drug-binding capacity

Several drugs that are used commonly in critically ill patients like antibiotic, antifungal
and anesthetic drugs are transported by albumin. The pharmacokinetics of these drugs
could be altered by different conditions like: hypoalbuminemia, hemodyalisis or
fever,which, in fact, are also very common in critically ill patients. We analyzed the
drug-binding capacities of aloumin and the most frequent factors altering binding

capacity of each drug.

Albumin is a protein composed of 585 amino acids with a total molecular weight of 66
kDa [9]. This heart-shaped protein contains three domains (I, 11 and I11) located in the
vertices which are very similar in structure (Figure 1) [10]. Each domain contains two
subdomains (A, and B) [11]. Albumin binds many biological substrates in different loci.
Drugs have been determined to bind in specific sites [12, 13]. Three main drug-binding
sites have been described to date: Albumin drug binding site I, Il and 111 (ADBS-I,

ADBS-11, and ADBS-I11),

2.1.1 Drugs binding to Albumin

ADBS-I, also known as Sudlow-1, is located in subdomain I1A. Drugs bound to this site
are large heterocyclic compounds with a central negative charge in the molecule, as
warfarin, phenylbutazone, or furosemide [12, 14]. An inner sub-site that can bind a
second drug molecule in the presence of fatty acids has also been described [15].
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ADBS-II, also known as Sudlow-Il, is located in subdomain I11A. Drugs bound to this
site are lipophilic molecules with a peripherally located electronegative or a polar

group, as flufenamic acid, iopanoic acid, or diazepam [12, 16].

ADBS-I1I is located in subdomain IB [13]. It has a flexible binding capacity. Drugs
bound to this site exhibit a wide range of properties, being basic, neutral, or even acidic.
Examples of these drugs are digoxin and digitoxin, antineoplastic drugs such as
anthracyclines, epipodophyllotoxins, and camptothecins, antibiotic agents such as
ampicillin, ceftriaxone, and fusidic acid, and other drugs such as valsartan or

carbenoxolone [13].

Albumin of non-human mammals has different binding site characteristics and drug
affinities. Thus, studies with animal albumins are difficult to extrapolate to humans [17,

18].

Albumin also has an unspecific esterase activity linked to ADBS-1 and, in some extent
to ADBS-II [19]. It has been described to hydrolyze aspirin and other xenobiotics as

organophosphates, but research on this action on drugs is scarce. Due to the amount of
albumin in plasma, this enzymatic activity could be considered of importance for some

drugs.

2.1.2 Factors affecting albumin binding capacity

Several factors can affect albumin drug-binding capacity. Free fatty acids are its main
physiological ligands. Typically, seven albumin fatty-acid binding sites (AFABS) have
been described, three with high affinity (AFABS 2, 4, and 5) and four with low affinity
(AFABS 1, 3, 6, and 7) [20, 21]. The presence and type of fatty acids modulated the

albumin drug binding capacity in many studies [13, 16, 21]. Glycation is the chemical



reaction between glucose and many proteins present in blood. This process is of
significant importance in diabetes. The glycation of albumin affects mainly ADBS-I,
but ADBS-II can also be affected. Its effect is difficult to predict, as it depends on the
degree and pattern of glycation. Low levels of glycation seem not to affect drug-binding
capacity extensively, but highly glycated albumin, as found in diabetes, decrease drug
binding [22]. Another disrupting factor can be the presence of high amounts of free
amino acids like tryptophan, as occurs during parenteral nutrition. This amino acid
inhibits drug binding to ADBS-I11 [23]. Oxidized albumin increases in many conditions
such as renal and liver impairment or diabetes [22, 24, 25]. This form of albumin
presents a different binding capacity than non-oxidized albumin, increasing for drugs as
verapamil or decreasing for others as cefazolin. This effect can vary depending on the
oxidation degree [26]. Albumin is also affected by carboxylation, oxidation, and
covalent union to substances present in smokers’ blood. These alterations diminished
drug binding affinity to both ADBS in a model mimicking albumin of heavy smokers
[27]. Drug binding affinity can also be reduced in both ADBS by the kidney impairment
resulting from the retention of uremic toxins as creatinine [28]. In addition, urea at
supra-physiological concentrations denatures albumin, but urea has also been found to
change albumin conformation at concentrations around those found in patients with

severe kidney failure [29].

The dynamic structure of albumin is strictly related to its non-oncotic properties.
Albumin activity is significantly affected by minimal structural changes, folding, and
clearance. Moreover, binding properties of aloumin are also affected by structural
changes other than oxidation, glycation and carboxylation, such as dimerization.
Dimerization of albumin consists of the formation of an inter-molecular disulfide bond

at Cys34 as a result of an increased oxidative stress, as it happens in cirrhosis [25].



Albumin dimerization can induce undetermined and perhaps opposite biological
consequences. Thus, dimerization reduces the amount of free Cys34 residue, which has
a detrimental effect in the albumin antioxidant and binding capacities. Conversely,
dimerization doubles the molecular mass and longer plasmatic half-life of albumin,
which may improve its plasma-expander capacity and drug transportation [30].
Pharmaceutical-grade aloumins may have reduced drug-binding affinity for all ADBS
resulting in increased free drug concentration when infused. The stabilizers caprylic
acid (octanoate) and N-acetyl-DL-tryptophan [31] and the thermal process [32] used in

the manufacturing processes may be responsible for this behavior.

In Table 1, studies on factors altering albumin binding capacity are summarized for

antibiotics, antifungals, and anesthetic drugs.

2.2. Immunomodulatory and anti-inflammatory effects of albumin

The vast majority of our knowledge about the role of albumin as an immunomodulatory
agent is derived from in vitro studies and animal experiments. Clinical studies that
confirm or refute these immunomodulatory effects observed in the laboratory are
lacking. Several mechanisms have been proposed to explain these immunomodulatory

properties of albumin.

2.2.1. Binding of bacterial products: Many of the immunomodulatory effects of albumin
rely on its ability to bind a wide range of endogenous and exogenous ligands. Thus, an
interesting property of albumin is its capacity to bind several bacterial products such as
lipopolysaccharide of the Gram-negative bacilli and other components of the Gram-
positive bacteria including lipoteichoic acid and peptidoglycan [33]. Accordingly,
albumin is capable of reducing arterial dysfunction induced by lipopolysaccharides

(LPS) in a mouse model of endotoxemia [34].
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2.2.2. Modulation of functions of antigen presenting cells (APC): T-cells may recognize
major histocompatibility complexes (MHCs) on APC surfaces using their T-cell
receptors (TCRs). APC process antigens and present them to T-cells. Therapeutic
human albumin preparations are able to modulate the MHC Il-restricted activation of
antigen-specific T cells [35] as well as to upregulate the expression of MHC Il and other
related genes in APC by mechanisms not fully understood. Human albumin
preparations increased T cell activation in a dose-dependent manner. A murine model
demonstrated that this effect is mediated by an increase in the expression of MHC 1l and

of two other genes (CIITA and H2-M) involved in antigen presentation [35].

2.2.3. Albumin modulates production of cytokines: Although the beneficial effects of
albumin in models of endotoxemia may be in part mediated by its capacity of binding
LPS, other mechanisms are also involved. Preconditioning with albumin abrogates LPS-
induced tumor necrosis factor (TNF)-o gene expression in macrophages. In mice,
exogenous albumin treatment also blunts LPS-mediated TNF-a gene expression in vivo.
This effect is mediated by the attenuation of nuclear factor kappa B (NF-Kb) activation
[35]. Albumin preconditioning elicits a cellular response similar to the phenomenon
known as endotoxin tolerance. Thus, albumin preparations significantly inhibit the in
vitro production of interferon- y and TNF- a by activated peripheral blood mononuclear
cells (PBMCs) and T-lymphocytes. This effect was attributed to the presence of
aspartyl-alanyl diketopiperazine (product result of the degradation of the N termini of
proteins and peptides) in six commercial preparations analyzed [36]. However, other
studies have observed that in vitro albumin increases pro-inflammatory gene expression
in a NF-xB-dependent manner [37]. In addition, albumin can act as a prostaglandin E2

(PGE2) ligand. Infusion of human albumin may attenuate immune suppression and
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reduce the risk of infection in patients with acutely decompensated cirrhosis or end-

stage liver disease thorough reduction of circulating PGE2 levels [38].

2.2.4. Other actions: Exogenous albumin decreases hypoxia-inducible factor (HIF)-1 o
gene expression as well. In a rat model of endotoxinemia, albumin resuscitation
improved the LPS-induced tissue hypoxia and myocardial contractility by ameliorating
HIF-1 a gene expression [39]. HIF-1 a is a molecular key player in response to
hypoxemic/inflammatory conditions prevailing in sepsis. Immune cells respond to
hypoxic conditions by activating the heterodimeric transcription factor complex HIF-1,
which is a key regulator of the cellular hypoxia-induced gene expression profile [40].
Finally, there is a possible role of albumin as a transferring tool of the local bactericidal

activity of hypochlorite oxidation to the systemic circulation as chloramines [41].

2.3. Albumin: capillary permeability and endothelial stabilization

An intact glycocalyx combined with a minimum concentration of plasma proteins are
required for the optimal function of vascular barrier. Albumin is crucially involved in
the endothelial surface layer by contributing to vascular integrity, and participating in
the maintenance of the normal capillary permeability, through the mechanism of

binding the interstitial matrix and interacting with the sub-endothelium space [42, 43].

Therapeutic albumin may also contribute to protecting endothelial cells against oxidant-
mediated injury through activation of the oxidant-sensitive transcription of pro-
inflammatory proteins. Albumin decreases endothelial nitric oxide synthase (eNOS)
activity, nitrosative stress in endothelial cells and increases their gluthatione levels
maintaining endothelial cells function. Interestingly, this positive effect was observed
with 4% but not with albumin 20%, suggesting a dose-dependent effect [44]. Binding of

activated polymorphonuclear leukocytes to endothelial cells was significantly amplified
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by hydroxyethyl starch and inhibited by albumin administration [45]. Indirectly, this

property may positively influence the vascular integrity.

2.4. Antioxidant activity of albumin

The human body’s exposure to free radicals can be regulated by antioxidants, defined as
substances that, at low concentrations, have the ability to prevent or avoid the oxidation
[46]. The organism has endogenous antioxidants, as albumin, glutathione, transferrin
and ceruloplasmin, being endogenous albumin the main extracellular molecule
responsible for maintaining the plasma redox state. Moreover, some exogenous
substances have antioxidant properties (e.g., vitamin E, vitamin C, carotenoids,
selenium, phenol compounds...) [47]. When there is an imbalance between free radicals
and antioxidants we refer to "oxidative stress"” [48]. The albumin molecule possesses
several antioxidant properties, thereby significantly reducing re-oxygenation injury [39,
44, 49]. This action is especially interesting in sepsis, a pathologic condition

characterized by a high oxidative stress [50].

The antioxidant properties of albumin rely on the structure of the molecule. Albumin
contains a reduced cysteine residue (Cys34), which constitutes the largest pool of thiols
in the circulation. Through this cysteine residue, albumin is able to scavenge reactive
oxygen species (ROS), nitric oxide and other nitrogen reactive species, as well as

prostaglandins [51-54].

The antioxidant properties differentiate albumin from other fluids used for patient
resuscitation in clinical practice. Thus, the activation of oxidative and nitric oxide-
consuming reactions was inhibited by albumin and augmented by hydroxyethyl starch

[45]. Oxygen free radical production was reduced by albumin but not by synthetic
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colloids (dextran 40) or crystalloids (Ringer’s lactate, normal saline, and hypertonic

saline) [55].

The real impact of antioxidant properties of commercial albumin is still being explored.
Due to its affinity to a large number of molecules, it is very sensitive to environmental
conditions. This can lead to changes in its conformation after exposure to other
molecules (e.g., ROS, NOS, Glucose, triglycerides...) or during the process used to
purify the molecule [56-60]. The oxidation state of Cys34 in circulating albumin is
different to pharmaceutical preparations and this may affect its antioxidant capacity [61-
63]. Oxidized cysteine was observed in 23% of human volunteer albumin, whereas in
commercial preparations it was up to 60% [62]. Antioxidant effect of albumin seems
also to be influenced by the concentration of the albumin infused (stronger antioxidant

effect in 4% concentration than in 20%) [44].

Despite the clinical impact of albumin administration on the oxidative processes, the
effect is still poorly documented in critically ill patients and mainly evaluated in
experimental conditions [64]. Using albumin as a resuscitation fluid could be an
opportunity to potentiate endogenous antioxidant protection in critical pathological
conditions, while explaining some of the long term benefits observed after aloumin

administration, as occurred in the ALBIOS trial [65].

2.5. Albumin effects on hemostasis: from in vitro to clinical evidence

In addition to other effects derived from albumin administration in critically ill patients,
albumin may have anticoagulant effects similar to those of heparin but much less
potent, perhaps due to the similarity of both molecules. It has been described that
albumin enhances the neutralization of factor Xa by antithrombin Il1, inhibits platelet-

activating factor-induced responses and slightly reduces levels of fibrinogen.
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In humans, albumin is the colloid molecule most representative in the extracellular
space. A wide range of published studies concluded that while crystalloids induce a
moderate hypercoagulable state with a 10%-30% hemodilution, aloumin does not

impair hemostasis except with >50% hemodilution [66].

The effects of albumin on hemostasis have been explored in vitro and in animal models,
and described in human studies. A recently published in vitro study using rotational
thromboelastrometry has shown that fibrinogen activity is more impaired with intense
hemodilution with albumin than with hemodilution with normal saline [67]. With the
same methodology, another in vitro study showed that hemodilution with gelatin and
albumin induced fewer coagulation abnormalities than hydroxyethyl starch [68]. A
recent in vitro study performing hemodyalises using blood from healthy donors showed
that priming using different heparin-aloumin combinations reduced clotting in the
circuit allowing hemodyalisis [69]. In this sense, a clinical study showed that raising the
extracorporeal circuit with an heparin-albumin solution reduces the need for systemic

anticoagulant in hemodyalisis [70].

Among published animal models exploring the effects of synthetic colloids, a piglet
model showed that, after a rapid infusion of a moderate volume, hydroxyethyl starch
and gelatin impaired blood coagulation (without differences between both artificial
colloids) to a larger extent versus albumin or normal saline as assessed by rotation
thromboelastrometry [71]. A rabbit model evaluating the effects of synthetic versus
natural colloid resuscitation on inducing dilutional coagulopathy and hemorrhage
showed that resuscitation with albumin maintained coagulation function, decreased

blood loss and improved survival time compared to synthetic colloids [72].
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The use of albumin as extracorporeal circuit priming fluid has been shown to prevent
platelet adhesion to circuit surfaces, avoiding platelet decrease. Several clinical studies
have described the benefits of the use of albumin instead of hydroxyethyl starch in
cardiac surgery and in patients undergoing cardiopulmonary bypass [73, 74], situations
where the choice of fluids for extracorporeal circuit priming and perioperative volume
expansion may modify the risk of excessive coagulopathic bleeding. A meta-analysis
including 18 trials with up to 970 patients confirmed an increased blood loss in cardiac
surgery with cardiopulmonary bypass among patients receiving hydroxyethyl starch

compared with albumin [75].

Excessive postoperative bleeding remains a frequent, serious and unpredictable
complication in the previously cited settings. Taking into account that common colloids
are albumin and hydroxyethyl starch from the published evidence, the use of
hydroxyethyl starch as extracorporeal circuit priming fluid is associated with a dose-
dependent increase in hemorrhages that carry additional costs greater than savings
afforded by its lower acquisition cost when compared with albumin [75, 76]. Albumin
remains the most appropriate control fluid because it is the colloid normally present in

circulation and is free of adverse effects on coagulation [75].

2.6. Acid-base balance-related disorders and albumin

Disorders of acid-base balance are common clinical abnormalities in critically ill
patients. Acid-base disorders are typically related to clinical outcomes and disease
severity, especially for metabolic acidosis [77]. There are currently three methods for
the assessment of acid-base disorders: the physiological, the base excess, and the
physicochemical approaches [78]. The physiological and the base excess approaches are

based on the analysis of plasma concentration of bicarbonate and standard base excess
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and plasma anion gap. However, its accuracy in critically ill patients may be limited by
assumption of normal plasma protein [79]. Therefore, correction for serum albumin
concentration is required for the interpretation of anion gap. Underestimation of anion
gap is significant in the presence of hypoalbuminemia, which is frequent in critically ill

patients [80].

The mathematical model based on physiochemical principles that determine hydrogen
ion concentration and pH in an aqueous solution can be an alternative solution [81]. By
this method the clinician can quantify individual components of acid-base abnormalities
while providing insight into their pathogenesis. A number of studies have shown that
this approach is the most adequate to identify acid-base disorders in critically ill
patients, in comparison to traditional approaches. According to this theory, there are
three independent variables that determine pH in plasma by changing the degree of
water dissociation into hydrogen and hydroxide ions: the partial pressure of carbon

dioxide (PCOy,), the concentration of non-volatile weak acids (ATOT) (mainly albumin
and phosphate in the extracellular space) and the strong ion difference (SID), defined as
the difference between the sum of concentrations of all strong cations (mainly Na*, K™

Mg2+ Ca2+) and the sum of concentrations of all strong anions (mainly CI~ and lactate).
Plasma SID is typically much lower in hypoalbuminemic and critically ill patients than
in healthy subjects. To conform to the principle of electrical neutrality, positive SID
must be balanced by an equal negative charge. Hypoalbuminemic patients also often

manifest a reduced Aror, perhaps as compensation for their reduced SID [82].

The pH i directly affected by variations in these three independent variables. Despite a
profound hypoalbuminemia is found in critically ill patients, they are infrequently

alkalemic. Although this seems a counterintuitive observation, it can be understood by
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the fact that SID and Aror are best evaluated in relation to one another rather than as
absolute values. During fluid infusion, SID and Arot of plasma tend toward the SID and
Aot of the administered fluid, which can therefore lower, increase, or leave pH

unchanged depending on fluid composition.

As a general rule, crystalloids with a SID greater than plasma bicarbonate (HCO3™)

concentration cause alkalosis (increase in plasma pH), those with a SID lower than
plasma HCO3™ cause acidosis (decrease in plasma pH), while crystalloids with a SID

equal to HCO3™ leave pH unchanged. This can be applied regardless of the extent of the
dilution. These rules partially hold true for colloids and blood components, since they

are composed of a crystalloid solution as solvent.

SID of commercially available albumin preparations is greater for higher albumin

concentrations (20-25%) in comparison to concentrations of 4-5%, due to the increased

amount of albumin and resulting increase in negative charges (A~). The electrolyte
composition of the solvent, and therefore its SID of the infusion fluid (SIDinf) differ
considerably between different albumin preparations. The acidifying effect of albumin-
containing solutions having a low SIDinf is easily caused by the decrease of SID and

the increase in Arot decrease plasma pH [83-86].

The use of 5% albumin as replacement fluid in plasma exchange procedures has been
associated with a decrease in serum pH and bicarbonate levels in a large cohort of

patients [87].

The effect of the administration of 20% albumin on acid-base equilibrium has been

recently studied in critically ill patients. The administration of 20% albumin induced an

alkalizing effect with an increase in SID due to a decrease in CI~ concentration, and
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conversely an acidification effect by a rise in A— due to the rise in albumin serum

concentration. The pH level was unchanged because SID and A~ increased to almost

the same amount [88].

The effect of albumin infusion in CI~ levels depends on the different preparations. The
rise in CI™ levels seen after 4% albumin infusion is likely a reflection of the larger
amounts of CI~ present in the commercial solution (CI~ 128 mmol/L), whereas the
decline in CI~ levels seen after 20% albumin infusion reflects the moderate amounts of

CI~ present in the solution (65 mmol/L) [83, 88].

In the same way, the decline in Ca** concentrations is likely due to binding of free
calcium with the infused albumin (both for iso and hyperoncotic) taking into account

that albumin solutions have an absence of calcium [83, 88].

The relationship between acid-base abnormalities and inflammation is another issue to
consider. Experimental data provide evidence that acidosis increases inflammation.
Zampieri et al. recently described that acid—base variables on admission to intensive
care unit (ICU) are associated with immunological activation. Specifically, albumin was
negatively associated with interleukin (IL)6, IL7, IL8, IL10, TNF-a and interferon
(IFN)a [89]. Hence, interplay between the level of albumin and acid—base status and
inflammation would imply that decreased albumin on admission to the ICU could be

associated with immunological activation.
3. Hypoalbuminemia in critically ill patients

Hypoalbuminemia is generally defined as a serum albumin concentration <30 g/l [8,

90]. Hypoalbuminemia is very common in critically ill patients, and it is typically
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caused by increased albumin loss from bleeding and via the gastrointestinal tract [91],
by redistribution from the intravascular to the interstitial space due to increased

capillary permeability [92], and by dilution from intravenous fluid administration.

Hypoalbuminemic states may be associated with a reduced efficacy of albumin-bound
drugs due to increased volume of distribution. Such effect may require dose adjustment
due to sub-optimal treatment, particularly for time-dependent drugs. Protein binding of
antibacterials such as ceftriaxone, ertapenem, teicoplanin, and aztreonam has been
reported to be frequently decreased in critically ill patients with hypoalbuminemia and

increased volume of distribution and drug clearance [93].

Patients with hypoalbuminemia show severe deficits in cellular immunity. The
correlation between marked oxidative stress and low levels of serum albumin is
supported by some clinical studies [94]. The potent antioxidant capacity of albumin
administration can explain its beneficial effect. For instance, albumin improves plasma
thiol-dependent antioxidant status as well as diminishes the protein oxidative damage in
patients with acute lung injury [95]. Although the association between the aloumin level
and the severity of the damage is clear, whether the effect of hypoalbuminemia on
outcome is a cause-effect relationship or whether hypoalbuminemia is rather a “marker”

of serious disease, remains uncertain.

Administration of exogenous albumin to target a specific aloumin level may help
restore or provide additional not only antioxidant capacity, but also transport
capabilities and vascular barrier competence. These effects may account for some of the
beneficial effects of albumin seen in specific patient populations, although they are

rather difficult to differentiate from albumin’s effects on intravascular volume.

4. Conclusions
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Human albumin solutions have been demonstrated to provide effective resuscitation
with less fluid than that required with crystalloid solutions. However, in our opinion, the
role of albumin in today’s critical care unit cannot be separated from its multiple
pharmacological effects. The potential clinical benefits of the use of albumin in selected
populations of critically ill patients like sepsis seem to be related to the
immunomodulatory and anti-inflammatory effects, antioxidant properties, antibiotic
transportation and endothelial stabilization, in addition to its oncotic properties.
Mechanistic studies are warranted to shed light on the molecular and physiologic
rationale behind the beneficial effects of aloumin as well as to further explore the

therapeutic role of albumin’s pleiotropic actions in pharmaceutical-grade albumins.

5. Expert Commentary

Although albumin was initially considered mostly as an acute resuscitation fluid, there
is currently an increased interest in the use of albumin solutions as a supplement to
correct and maintain aloumin levels identification, greatly induced by advances in the
identification of the adverse outcomes associated with hypoalbuminemia and by a better
knowledge about the functioning of vascular barrier. However, to distinguish volume
effects from the effects of maintenance of serum albumin is not always trivial,
particularly in critically ill patients. Hypoalbuminemia is common in critically ill
patients, in whom it is difficult to clearly relate the timing of interventions to the onset
of disease. Therefore, the majority of studies of albumin administration are a
combination of a measure of resuscitation with a measure of supplementation or
maintenance of albumin [96]. Moreover, transport and antioxidant effects of albumin

may become important when used as supplementation.
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Substitution of synthetic colloids for albumin as part of perioperative fluid therapy has
not been very successful. Hence, hydroxyethyl starch (HES) solutions can persist for
long periods of time in the skin, liver and most importantly, the kidney [97], which
involves not only a potential risk of renal failure but also increased mortality rates in
septic patients [98]. On the other hand, gelatin solutions have been less commonly
studied, partly because their shorter intravascular persistence and their limited

availability in some countries.

6. Five-year view

New knowledge about the non-oncotic properties of serum albumin paves the path for
new potential indications in the management of critical patients and in particular of
septic patients. The immunomodulatory and anti-inflammatory properties of albumin, as
well as their involvement in the pharmacokinetics of various molecules including
antibiotics, are of special interest. These new mechanisms of action should be carefully
studied and translated into the usual clinical practice. An important innovation could be
the development of a new commercial albumin with enhanced non-oncotic properties to
be used in some selected groups of patients. Moreover, it is also crucial to study the
optimal administration of albumin: bolus versus continuous infusion, dosage,
concentration and targets. Future research should also be focused to answer questions
about the mechanisms of development of hypoalbuminemia and its consequences in the

ICU setting.

7. Key issues

- Human serum albumin is the most abundant circulating protein in the body.

- Hypoalbuminemia is very common in critically ill patients.
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- The potential clinical benefits of the use of albumin in selected critically ill patients
such as sepsis seem related to the its immunomodulatory and anti-inflammatory effects,

antioxidant properties, antibiotic transportation, and endothelial stabilization.

-The main mechanisms of immunomodulatory and anti-inflammatory properties of
albumin are: binding of bacterial products such as LPS, modulation of functions of

APC, and modulation of synthesis of cytokines.

-Albumin is a crucial part of the endothelial surface and contributes to maintenance of

the normal capillary permeability.

-Albumin has antioxidant activity that is especially important in sepsis.

- Albumin has anticoagulants effects: it enhances the neutralization of factor Xa by
antithrombin 111, inhibits platelet-activating factor-induced responses, and has the

capacity of reducing fibrinogen levels.
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Table 1 - Factors altering albumin binding capacity for antibiotic, antifungal and anesthetic drugs.

Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Antibiotic drugs
Cefazolin APBS-_I, Increa}se in pH Increase in free drug Unknown In vitro [99]
Bilirubin (alkalization) concentration
binding site Mildly oxidized Increase in free drug K . [26]
(ADBS-111?) albumin concentration Unknown In vitro
Cefotaxime Bilirubin [99]
binding site Increase of free drug .
(ADBS-111?), Ibuprofen concentration Unknown In vitro
ADBS-II
Ceftazidime ADBS-II (main) | i free d [99]
ADBS-I Ibuprofen nerease INee arug - Ynknown In vitro
concentration
(secondary)
Cefditoren Unknown Increase of free drug Increa_se_ in drug i [100]
Ibuprofen . bactericidal In vitro
(ADBS-1?) concentration -
activity
Ceftriaxone ADBS-I?, Meloxicam Increase >10% of free Unknown In vitro [99, 101]
ADBS-11?, drug concentration
Bilirubin [99, 101]
binding site Small decrease <10% ’
(ADBS-111?), Valdecoxib of free drug Unknown In vitro
fatty acid concentration

binding sites



Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Cefuroxime ADBS-I Coumarin (warfarin) Increase Of. free drug Unknown In vitro [99]
concentration
Ciprofloxacin Increase in AUC and Randomized, two- [102]
. : . Unknown. Faster
Acetaminophen decrease in half-life of way crossover study
L drug clearance? :
the antibiotic in healthy volunteers
Acetam_lnophen, N Increase in >10% of [103]
cefotaxime, repaglinide i
; ] free drug Unknown In vitro
(in decreasing order of .
; concentration
importance).
ADBS-I (main), i(l-:‘)lulclrz:l)zfgjne,(i%affelne, Small increase in [103]
ADBS-II profe <10% of free drug Unknown In vitro
decreasing order of .
: concentration
importance)
Increase in >10% of [104]
Iron (Fe*") free drug Unknown In vitro
concentration
Increase in <10% of [104]
Magnesium (Mg*") free drug Unknown In vitro
concentration
Clarithromycin Increase of free drug  Increased drug [105]
Unknown Hemodialysis concentrations after effects including In vitro
hemodialysis adverse effects?
Doxycycline ADBS-II Hypoalbuminemia Increase of free drug Unknown In vitro [106]

concentration
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Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Increase in temperature Increase Of. free drug Unknown In vitro [106]
concentration
Ketoprofen Increase Of. free drug Unknown In vitro [106]
concentration
Fosfomycin Sodium (Na"), [107]
potassium (K",
chloride (CI*) (in Increase of freedrug  Faster drug In vitro
: concentration clearance?
ADBS-I decreasing order of
importance)
Warfarin Increase of freedrug  Faster drug In vitro [107]
concentration clearance?
Imipenem ADBS-II [108]
(main), High affinity drug — Compromised
a specific site in ~ albumin. Stable complex bioavailability of :
. . . . . L In vitro
subdomain Inhibition of albumin ~ imipenem - albumin  imipenem to the
ITA-1IB esterase activity site of infection?
(secondary)
Levofloxacin Acetaminophen, [108]
cefotaxime, caffeine, Small increase in
ADBS-I (main), cefdinir, diclofenac, <10% of drug free Unknown In vitro
ADBS-11 gliclazide, ibuprofen, concentration
(secondary) repaglinide
0,
Magnesium (Mg*") Increase <10% of free Unknown In vitro [104]

drug concentration
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Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Decrease >10% of [104]
Zinc (Zn*") free drug Unknown In vitro
concentration
Teicoplanin Continuous veno- Pharmacokinetic [109]
Increase of free drug .
venous . Unknown study in human
P concentration :
hemodiafiltration patients
. Pharmacokinetic [110,
L Increase of free drug  Increase in drug L
Hypoalbuminemia . studies in human 111]
concentration adverse effects? )
patients
Tetracycline Increase in drug [112]
_life?
Copper (Cu%") Decrease o_f free drug _half life? Decrease In vitro
concentration in drug
ADBS-1 or effectiveness?
ADBS-II? Zinc (2. Calci 112
'”S+( n ) Ca cium Mild increase of free  Decrease in drug i [112]
(Ca™") (in decreasing . . In vitro
) drug concentration half-life?.
order of importance)

Vancomycin Albumin appears  Pharmacokinetic [113]
Changes in Unchanged free drug  to be not related to  retrospective study in
albuminemia concentration free vancomycin patients with serious

variations acute infections
Hypoalbuminemia Increase of plasma Pharmacokinetic [114]
yp P Unknown retrospective study in

(<2.5 g/dL)

drug clearance

hospitalized patients

Antifungal drugs
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Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Amphotericin B Bolus or continuous Unaltered free drug :\rlloalnrtr}?l:ﬁvzlment In vitro [115]
ADBS-II infusion administration ~ concentration aniTing
(main), ADBS-I activity
secondar
( Y) Free fatty acids Decrease O.f free drug Unknown In vitro [116]
concentration
Caspofungin Pharmacokinetic [117]
Unknown Hypoalbuminemia Decreased drug trough Decreased drug study in surgical
(<2.36 g/dL) concentrations tissue distribution? intensive care unit
patients
Itraconazole Increase in hepatic Pharmacokinetic [118]
. clearance of drug and .
Decrease in . ; study in
. . of its active Unknown ) .
albuminemia . immunocompromised
metabolite hydroxy- .
. patients
itraconazole
Unknown Decrease in plasma [119]
levels of the drug and
Hypoalbuminemia (2.8 its active metabolite Increase in drug Case report
g/dL) hydroxy-itraconazole.  tissue levels? P
Increase in free drug
concentration?
In vitro using serum [120]

Insulin-dependent and
non-insulin dependent
diabetes mellitus

Increase >25% of free
drug concentration
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Increase antifungal
activity

of patients with
diabetes mellitus and
healthy controls



Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
In vitro using serum [121]
. Increase >40% of free of patients with
Cancer patients . Unknown
drug concentration cancer and healthy
controls
Micafungin Pharmacokinetic [122]
. : : No drug . : :
Changes in No influence in drug . . study in patients with
Unknown N adjustment in .
albuminemia plasma levels : i hematologic
hypoalbuminemia . .
malignancies.
Anesthetic drugs
Diazepam . THC does not affect [123]
ADBS-II Tetrahydrocannabinol diazepam binding to Unknown In vitro
(THC) .
albumin
Ketomebidone Changes in Unaltered drug Pharmacoklpetlc _ [124]
Unknown A Lo Unknown study in critically-ill
albuminemia elimination X
patients
Midazolam Increased sedative [125]
Increase in free effect of
ADBS-II Propofol midazolam midazolam In vitro
concentration administered with
propofol?
Morphine Decrease in Increase of free drug Study in children with  [126]
Unknown L . Unknown cancer and healthy
albuminemia concentration
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Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
Decrease of <10% of No mfluence Study in children with  [126]
. affecting cancer, healthy
Increase in plasma pH  free drug L
. significantly neonates, and healthy
concentration )
morphine adults
Increase in free drug Study in children with  [126]
Increase in total drug concentration. Marked cancer, healthy
. Unknown
plasma concentration effect at lower neonates, and healthy
concentrations adults
Propofol . Pharmacokinetic [127]
Isovolemic hemorrhage . . .
) i Increase >60% of free  Increase in the study in patients
with crystalloid ; . . )
2 drug concentration hypnotic potency  during elective
resuscitation
surgery
Fentanyl, morphine, Increase in propofol [128]
naloxone (in decreasing free drug Unknown In vitro
order of importance) concentration
ADBS-I _
(main), ADBS-I Invitro and plasma of  [129]
(secondary) Increase In total drug o ace in free Increased drug patients undergoing
concentration at low or elective neurosurgical
) X propofol effects at lower
physiological plasma . procedures and
. concentration doses? . .
albumin level anesthetized with
propofol
. Increase in free Increased drug [130]
Decrease in . :
. . propofol effects in In vitro
albuminemia

concentration
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hypoalbuminemia?



Factor or interfering

Drug Binding site drug Result Clinical relevance  Type of study Reference
In [131]
Increase in free hypoalbuminemia:
Decrease in ronofol Increased adverse  In vitro with blood
albuminemia prop . effects? from healthy males
concentration .
Prolongation of
effect?
. . . In vitro with blood [132]
. Increase in free In critically ill
Decrease in . ) from healthy
. ) propofol patients: Increase
albuminemia . ) volunteers and
concentration in drug effect? - X .
critically-ill patients
. Increase in free [133]
Increase in free fatty .
acids propofol _ Unknown In vitro
concentration
Ibuprofen Increase in albumin- Unknown In vitro [134]
drug complex stability
Thiopental Copper (Cu®"), iron [135]
(Fe*"), calcium (Ca®")
(in decreasing order of  Decrease of free drug  Increased half- In vitro
importance); increase concentration life?
ADBS-I thiopental - albumin
binding
Decrease in Increase of free drug . [135]
. ) . Unknown In vitro
albuminemia concentration

ADBS: Albumin drug binding site (Sudlow)
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Figure 1. Human albumin structure.

ADBS: Albumin drug binding site (Sudlow); LCFA: low chain fatty acid binding site.

Adapted from Protein Data Bank (PDB) ID 1A06 [10].

(.:,.
LCFAZ

lu
}

ADBS-II

Subdomain-IA

ADBS-I

Subdomain-ITIB




References

1. Tullis JL. Albumin. 2. Guidelines for clinical use. JAMA. 1977;237(5):460-3

concl.

2. Tullis JL. Albumin. 1. Background and use. JAMA. 1977;237(4):355-60

CONTD.

3. Finfer S, Bellomo R, McEvoy S, et al. Effect of baseline serum albumin
concentration on outcome of resuscitation with albumin or saline in patients in intensive
care units: analysis of data from the saline versus albumin fluid evaluation (SAFE)

study. BMJ. 2006:333(7577):1044.

4, Vincent JL, Russell JA, Jacob M, et al. Albumin administration in the acutely

ill: what is new and where next? Critical care (London, England). 2014;18(4):231.

5. Hernandez-Tejedor A, Penuelas O, Sirgo Rodriguez G, et al. Recommendations
of the Working Groups from the Spanish Society of Intensive and Critical Care
Medicine and Coronary Units (SEMICYUC) for the management of adult critically ill

patients. Medicina intensiva. 2017;41(5):285-305.

6. Rhodes A, Evans LE, Alhazzani W, et al. Surviving Sepsis Campaign:
International Guidelines for Management of Sepsis and Septic Shock: 2016. Intensive

Care Med. 2017.

7. Myburgh J, Cooper DJ, Finfer S, et al. Saline or albumin for fluid resuscitation

in patients with traumatic brain injury. NEnglJ Med. 2007;357(9):874-84.

32



8. Vincent JL, Dubois MJ, Navickis RJ, et al. Hypoalbuminemia in acute illness: is
there a rationale for intervention? A meta-analysis of cohort studies and controlled

trials. AnnSurg. 2003;237(3):319-34.

Q. Lawn RM, Adelman J, Bock SC, et al. The sequence of human serum albumin

cDNA and its expression in E. coli. Nucleic Acids Research. 1981;9(22):6103-14.

10.  Sugio S, Mochizuki S, Noda M, et al. Crystal structure of human serum

albumin. Protein Data Bank (PDB) ID 1A06 DOI: 102210/pdblao6/pdb;1998.

11.  Sugio S, Kashima A, Mochizuki S, et al. Crystal structure of human serum
albumin at 2.5 A resolution. Protein Engineering Design and Selection. 1999;12(6):439-

46.

12. Sudlow G, Birkett DJ, Wade DN. The characterization of two specific drug

binding sites on human serum albumin. Mol Pharmacol. 1975;11(6):824-32.

13. Zsila F. Subdomain IB Is the Third Major Drug Binding Region of Human
Serum Albumin: Toward the Three-Sites Model. Mol Pharmaceutics. 2013;10(5):1668-

82.

14. Dockal M, Carter DC, Ruker F. The Three Recombinant Domains of Human
Serum Albumin: Structural Characterization and Ligand Binding Properties. Journal of

Biological Chemistry. 1999;274(41):29303-10.

15. Zhu L, Yang F, Chen L, et al. A new drug binding subsite on human serum
albumin and drug—drug interaction studied by X-ray crystallography. Journal of

Structural Biology. 2008;162(1):40-9.

33



16. Ghuman J, Zunszain PA, Petitpas |, et al. Structural Basis of the Drug-binding
Specificity of Human Serum Albumin. Journal of Molecular Biology. 2005;353(1):38-

52.

17. Fitos I, Visy J, Simonyi M. Species-dependency in chiral-drug recognition of
serum albumin studied by chromatographic methods. Journal of Biochemical and

Biophysical Methods. 2002;54(1-3):71-84.

18. Pistolozzi M, Bertucci C. Species-dependent stereoselective drug binding to

albumin: A circular dichroism study. Chirality. 2008;20(3-4):552-8.

19. Phuangsawai O, Hannongbua S, Gleeson MP. Elucidating the Origin of the
Esterase Activity of Human Serum Albumin Using QM/MM Calculations. The Journal

of Physical Chemistry B. 2014;118(41):11886-94.

20. Krenzel ES, Chen Z, Hamilton JA. Correspondence of Fatty Acid and Drug
Binding Sites on Human Serum Albumin: A Two-Dimensional Nuclear Magnetic

Resonance Study. Biochemistry. 2013;52(9):1559-67.

21. Simard JR, Zunszain PA, Hamilton JA, et al. Location of High and Low Affinity
Fatty Acid Binding Sites on Human Serum Albumin Revealed by NMR Drug-

competition Analysis. Journal of Molecular Biology. 2006;361(2):336-51.

22. Baraka-Vidot J, Guerin-Dubourg A, Bourdon E, et al. Impaired drug-binding

capacities of in vitro and in vivo glycated albumin. Biochimie. 2012;94(9):1960-7.

34



23. Yamasaki K, Kuga N, Takamura N, et al. Inhibitory Effects of Amino-Acid
Fluids on Drug Binding to Site Il of Human Serum Albumin in Vitro. Biological &

pharmaceutical bulletin. 2005;28(3):549-52.

24. Baraka-Vidot J, Planesse C, Meilhac O, et al. Glycation alters ligand binding,
enzymatic, and pharmacological properties of human albumin. Biochemistry.

2015:54(19):3051-62.

25. Baldassarre M, Domenicali M, Naldi M, et al. Albumin Homodimers in Patients
with Cirrhosis: Clinical and Prognostic Relevance of a Novel Identified Structural

Alteration of the Molecule. Sci Rep. 2016;6:35987.

26. Kawakami A, Kubota K, Yamada N, et al. Identification and characterization of

oxidized human serum albumin. FEBS Journal. 2006;273(14):3346-57.

27. Clerici M, Colombo G, Secundo F, et al. Cigarette smoke induces alterations in
the drug-binding properties of human serum albumin. Blood Cells, Molecules, and

Diseases. 2014;52(4):166-74.

28.  Varshney A, Rehan M, Subbarao N, et al. Elimination of Endogenous Toxin,
Creatinine from Blood Plasma Depends on Albumin Conformation: Site Specific

Uremic Toxicity & Impaired Drug Binding. PLoS ONE. 2011;6(2):e17230.

29. Muralidhara BK, Prakash V. Molten globule intermediates of human serum

albumin in low concentration of urea. Indian J Biochem Biophys. 2002;39(5):318-24.

35



30. Naldi M, Baldassarre M, Domenicali M, et al. Structural and functional integrity
of human serum albumin: Analytical approaches and clinical relevance in patients with

liver cirrhosis. J Pharm Biomed Anal. 2017;144:138-53.

31. Olsen H, Andersen A, Nordbg A, et al. Pharmaceutical-grade aloumin: impaired

drug-binding capacity in vitro. BMC Clinical Pharmacology. 2004;4(1).

32.  Ashrafi-Kooshk MR, Ebrahimi F, Ranjbar S, et al. Comparative studies on drug
binding to the purified and pharmaceutical-grade human serum albumins: Bridging
between basic research and clinical applications of albumin. Biologicals.

2015;43(5):333-43.

33.  Jurgens G, Muller M, Garidel P, et al. Investigation into the interaction of
recombinant human serum albumin with Re-lipopolysaccharide and lipid A. Journal of

Endotoxin Research. 2002;8(2):115-26.

34. Meziani F, Kremer H, Tesse A, et al. Human Serum Albumin Improves Arterial
Dysfunction during Early Resuscitation in Mouse Endotoxic Model via Reduced
Oxidative and Nitrosative Stresses. The American Journal of Pathology.

2007;171(6):1753-61.

35.  Aubin E, Roberge C, Lemieux R, et al. Inmunomodulatory effects of

therapeutic preparations of human albumin. Vox Sanguinis. 2011;101(2):131-7.

36.  Wheeler DS, Giuliano JS, Lahni PM, et al. The Immunomodulatory Effects of

Albuminin VitroandIn Vivo. Advances in Pharmacological Sciences. 2011;2011:1-7.

36



37. Bar-Or D, Thomas GW, Bar-Or R, et al. Commercial human albumin
preparations for clinical use are immunosuppressive in vitro. Critical care medicine.

2006:34(6):1707-12.

38.  O'Brien AJ, Fullerton JN, Massey KA, et al. Immunosuppression in acutely

decompensated cirrhosis is mediated by prostaglandin E2. Nat Med. 2014;20(5):518-23.

39. Tokunaga C, Bateman RM, Boyd J, et al. Albumin resuscitation improves
ventricular contractility and myocardial tissue oxygenation in rat endotoxemia*. Critical

care medicine. 2007;35(5):1341-7.

40. Drumm K, Bauer B, Freudinger R, et al. Albumin Induces NF-kB Expression in
Human Proximal Tubule-Derived Cells (IHKE-1). Cellular Physiology and

Biochemistry. 2002;12(4):187-96.

41. Del Giudice A, Dicko C, Galantini L, et al. Structural Response of Human
Serum Albumin to Oxidation: Biological Buffer to Local Formation of Hypochlorite. J

Phys Chem B. 2016;120(48):12261-71.

42. Evans TW. Review article: albumin as a drug-biological effects of albumin
unrelated to oncotic pressure. Alimentary Pharmacology and Therapeutics.

2002;16(s5):6-11.

43. Qiao R, Siflinger-Birnboim A, Lum H, et al. Albumin and Ricinus communis
agglutinin decrease endothelial permeability via interactions with matrix. Am J Physiol.

1993;265(2 Pt 1):C439-46.

37



44, Kremer H, Baron-Menguy C, Tesse A, et al. Human serum albumin improves
endothelial dysfunction and survival during experimental endotoxemia: concentration-

dependent properties. Critical care medicine. 2011;39(6):1414-22.

45. Lang JD, Figueroa M, Chumley P, et al. Albumin and Hydroxyethyl Starch
Modulate Oxidative Inflammatory Injury to Vascular Endothelium. Anesthesiology.

2004;100(1):51-8.

46. Halliwell B, Whiteman M. Measuring reactive species and oxidative damage in
vivo and in cell culture: how should you do it and what do the results mean? Br J

Pharmacol. 2004;142(2):231-55.

47. Sies H. Oxidative stress: from basic research to clinical application. Am J Med.

1991:91(3C):31S-8S.

48.  Adly A. Oxidative Stress and Disease: An Updated Review. Research Journal of

Immunology. 2010;3(2):129-45.

49.  Walley KR, McDonald TE, Wang Y, et al. Albumin resuscitation increases
cardiomyocyte contractility and decreases nitric oxide synthase Il expression in rat

endotoxemia. Critical care medicine. 2003;31(1):187-94.

50.  Galley HF. Oxidative stress and mitochondrial dysfunction in sepsis. British

Journal of Anaesthesia. 2011;107(1):57-64.

51.  Anraku M, Chuang VTG, Maruyama T, et al. Redox properties of serum
albumin. Biochimica et Biophysica Acta (BBA) - General Subjects.

2013:1830(12):5465-72.

38



52. Caraceni P, Ryu HS, van Thiel DH, et al. Source of oxygen free radicals
produced by rat hepatocytes during postanoxic reoxygenation. Biochimica et

Biophysica Acta (BBA) - Molecular Cell Research. 1995;1268(3):249-54.

53. Cha M-K, Kim I-H. Glutathione-Linked Thiol Peroxidase Activity of Human
Serum Albumin: A Possible Antioxidant Role of Serum Albumin in Blood Plasma.

Biochemical and Biophysical Research Communications. 1996;222(2):619-25.

54, Roche M, Rondeau P, Singh NR, et al. The antioxidant properties of serum

albumin. FEBS Letters. 2008;582(13):1783-7.

55. Simpkins CO, Little D, Brenner A, et al. Heterogeneity in the Effect of Albumin
and Other Resuscitation Fluids on Intracellular Oxygen Free Radical Production. The

Journal of Trauma: Injury, Infection, and Critical Care. 2004;56(3):548-59.

56. Baraka-Vidot J, Guerin-Dubourg A, Dubois F, et al. New insights into
deleterious impacts of in vivo glycation on albumin antioxidant activities. Biochimica et

biophysica acta. 2013;1830(6):3532-41.

57. Bourdon E, Loreau N, Blache D. Glucose and free radicals impair the
antioxidant properties of serum albumin. FASEB journal : official publication of the

Federation of American Societies for Experimental Biology. 1999;13(2):233-44.

58. Michelis R, Kristal B, Zeitun T, et al. Albumin oxidation leads to neutrophil
activation in vitro and inaccurate measurement of serum albumin in patients with

diabetic nephropathy. Free radical biology & medicine. 2013;60:49-55.

39



59. Rosas-Diaz M, Camarillo-Cadena M, Hernandez-Arana A, et al. Antioxidant
capacity and structural changes of human serum albumin from patients in advanced
stages of diabetic nephropathy and the effect of the dialysis. Molecular and cellular

biochemistry. 2015;404(1-2):193-201.

60. Ruggiero C, Elks CM, Kruger C, et al. Albumin-bound fatty acids but not
albumin itself alter redox balance in tubular epithelial cells and induce a peroxide-
mediated redox-sensitive apoptosis. American journal of physiology Renal physiology.

2014:306(8):F896-906.

61. Bar-Or D, Bar-Or R, Rael LT, et al. Heterogeneity and oxidation status of
commercial human albumin preparations in clinical use. Critical care medicine.

2005:33(7):1638-41.

62. Martin GS. Pharmacological aspects of aloumin as a niche product in the

intensive care unit. Critical care medicine. 2005;33(7):1667-9.

63. Otagiri M, Chuang VT. Pharmaceutically important pre- and posttranslational
modifications on human serum albumin. Biological & pharmaceutical bulletin.

2009;32(4):527-34.

64. Taverna M, Marie AL, Mira JP, et al. Specific antioxidant properties of human

serum albumin. Ann Intensive Care. 2013;3(1):4.

65. Caironi P, Gattinoni L. Proposed benefits of albumin from the ALBIOS trial: a

dose of insane belief. Critical care (London, England). 2014;18(5):510.

40



66. Blanloeil Y, Trossaért M, Rigal JC, et al. Effets des solutés de remplissage
vasculaire sur I’némostase. Annales Francaises d'Anesthésie et de Réanimation.

2002;21(8):648-67.

67. Pathirana S, Wong G, Williams P, et al. The effects of haemodilution with
albumin on coagulation in vitro as assessed by rotational thromboelastometry. Anaesth

Intensive Care. 2015;43(2):187-92.

68. Niemi TT, Kuitunen AH. Artificial colloids impair haemostasis. Anin vitrostudy
using thromboelastometry coagulation analysis. Acta Anaesthesiologica Scandinavica.

2005;49(3):373-8.

69. Kyrk T, Bechara A, Skagerlind M, et al. Heparin and albumin as part of the
priming solution limits exposure to anticoagulation during hemodialysis: In vitro

studies. The International Journal of Artificial Organs. 2014;37(10):734-40.

70. Fransson F, Kyrk T, Skagerlind M, et al. Rinsing the extra corporeal circuit with
a heparin and albumin solution reduces the need for systemic anticoagulant in

hemodialysis. The International Journal of Artificial Organs. 2013;36(10):725-9.

71. Mauch J, Madjdpour C, Kutter APN, et al. Effect of rapid fluid resuscitation
using crystalloids or colloids on hemostasis in piglets. Pediatric Anesthesia.

2012;23(3):258-64.

72. Kheirabadi BS, Crissey JM, Deguzman R, et al. Effects of Synthetic Versus

Natural Colloid Resuscitation on Inducing Dilutional Coagulopathy and Increasing

41



Hemorrhage in Rabbits. The Journal of Trauma: Injury, Infection, and Critical Care.

2008:64(5):1218-29.

73. Niemi TT, Suojaranta-Ylinen RT, Kukkonen S, et al. Gelatin and Hydroxyethyl
Starch, but Not Albumin, Impair Hemostasis After Cardiac Surgery. Anesthesia &

Analgesia. 2006;102(4):998-1006.

74. Onorati F, Santarpino G, Renzulli A, et al. Does priming implementation with
low-dose albumin reduce postoperative bleeding following cardiopulmonary bypass?

Int J Artif Organs. 2003;26(3):211-6.

75. Navickis RJ, Haynes GR, Wilkes MM. Effect of hydroxyethyl starch on
bleeding after cardiopulmonary bypass: A meta-analysis of randomized trials. The

Journal of Thoracic and Cardiovascular Surgery. 2012;144(1):223-30.e5.

76. Herwaldt LA, Swartzendruber SK, Edmond MB, et al. The Epidemiology of
Hemorrhage Related to Cardiothoracic Operations. Infection Control and Hospital

Epidemiology. 1998;19(1):9-16.

77. Gunnerson KJ, Kellum JA. Acid-base and electrolyte analysis in critically ill
patients: are we ready for the new millennium? Current Opinion in Critical Care.

2003:9(6):468-73.

78. Berend K, de Vries AP, Gans RO. Physiological approach to assessment of acid-

base disturbances. The New England journal of medicine. 2014;371(15):1434-45.

79. Figge J, Rossing TH, Fencl V. The role of serum proteins in acid-base

equilibria. J Lab Clin Med. 1991;117(6):453-67.

42



80. Zampieri FG, Park M, Ranzani OT, et al. Anion gap corrected for albumin,
phosphate and lactate is a good predictor of strong ion gap in critically ill patients: a

nested cohort study. Revista Brasileira de Terapia Intensiva. 2013;25(3):205-11.

81.  Stewart PA. Modern quantitative acid—base chemistry. Canadian Journal of

Physiology and Pharmacology. 1983;61(12):1444-61.

82.  Wilkes P. Hypoproteinemia, strong-ion difference, and acid-base status in

critically ill patients. J Appl Physiol (1985). 1998;84(5):1740-8.

83. Bihari S, Prakash S, Bersten AD. Early changes in serum electrolytes and acid-
base status with administration of 4 % albumin. Intensive Care Medicine.

2014;40(9):1392-3.

84. Morgan TJ, Vellaichamy M, Cowley DM, et al. Equivalent metabolic acidosis
with four colloids and saline on ex vivo haemodilution. Anaesth Intensive Care.

2009;37(3):407-14.

85. Rehm M, Orth V, Scheingraber S, et al. Acid—Base Changes Caused by 5%
Albumin versus 6% Hydroxyethyl Starch Solution in Patients Undergoing Acute

Normovolemic Hemodilution. Anesthesiology. 2000;93(5):1174-83.

86.  Waters JH, Bernstein CA. Dilutional Acidosis following Hetastarch or Albumin

in Healthy Volunteers. Anesthesiology. 2000;93(5):1184-7.

87.  CidJ, Carbassé G, Gamir M, et al. Acid-base balance disturbances in plasma

exchange depend on the replacement fluid used. Transfusion. 2015;55(11):2653-8.

43



88. Mallat J, Meddour M, Lemyze M, et al. Effects of a rapid infusion of 20 %
human serum albumin solution on acid—base status and electrolytes in critically ill

patients. Intensive Care Med. 2015;42(1):128-9.

89.  Zampieri FG, Kellum JA, Park M, et al. Relationship between acid—base status

and inflammation in the critically ill. Critical Care. 2014;18(4):R154.

90. Dubois MJ, Orellana-Jimenez C, Melot C, et al. Albumin administration
improves organ function in critically ill hypoalbuminemic patients: A prospective,

randomized, controlled, pilot study. Crit Care Med. 2006;34(10):2536-40.

91. Redelmeier DA. New thinking about postoperative hypoalbuminemia: a

hypothesis of occult protein-losing enteropathy. OpenMed. 2009;3(4):e215-€9.

92. Caironi P, Gattinoni L. The clinical use of albumin: the point of view of a

specialist in intensive care. Blood Transfus. 2009;7(4):259-67.

93. Ulldemolins M, Roberts JA, Rello J, et al. The effects of hypoalbuminaemia on
optimizing antibacterial dosing in critically ill patients. Clin Pharmacokinet.

2011;50(2):99-110.

94.  Vavrova L, Rychlikova J, Mrackova M, et al. Increased inflammatory markers
with altered antioxidant status persist after clinical recovery from severe sepsis: a
correlation with low HDL cholesterol and albumin. Clinical and Experimental

Medicine. 2015;16(4):557-69.

44



95. Quinlan GJ, Mumby S, Martin GS, et al. Albumin influences total plasma
antioxidant capacity favorably in patients with acute lung injury. Critical care medicine.

2004:32(3):755-9.

96. Caironi P, Tognoni G, Masson S, et al. Albumin replacement in patients with
severe sepsis or septic shock. The New England journal of medicine.

2014;370(15):1412-21.

97.  Wiedermann CJ, Joannidis M. Accumulation of hydroxyethyl starch in human

and animal tissues: a systematic review. Intensive Care Med. 2013.

98. Perner A, Haase N, Guttormsen AB, et al. Hydroxyethyl starch 130/0.42 versus

Ringer's acetate in severe sepsis. NEnglJ Med. 2012;367(2):124-34.

99. Nerli B, Romanini D, Pico G. Structural specificity requirements in the binding
of beta lactam antibiotics to human serum albumin. Chemico-Biological Interactions.

1997;104(2-3):179-202.

100. Cafini F, Gonzalez N, Torrico M, et al. [Influence of the displacement of protein
binding by ibuprofen in the activity of a third-generation cephalosporin against

Streptococcus pneumoniae]. Rev Esp Quimioter. 2006;19(4):332-6.

101. Seedher N, Bhatia S. Competition Between COX-2 Inhibitors and Some Other
Drugs for Binding Sites on Human Serum Albumin. Drug Metabolism and Drug

Interactions. 2009;24(1).

45



102. Issa MM, Nejem RaM, El-Abadla NS, et al. Effects of Paracetamol on the
Pharmacokinetics of Ciprofloxacin in Plasma Using a Microbiological Assay. Clinical

Drug Investigation. 2007;27(7):463-7.

103. Seedher N, Agarwal P. Competitive binding of fluoroquinolone antibiotics and
some other drugs to human serum albumin: a luminescence spectroscopic study.

Luminescence. 2013;28(4):562-8.

104. Seedher N, Agarwal P. Effect of metal ions on some pharmacologically relevant
interactions involving fluoroquinolone antibiotics. Drug Metabolism and Drug

Interactions. 2010;25(1-4).

105. Yago K, Kuroyama M, Motohashi S, et al. [Protein binding of clarithromycin in

patients with chronic renal failure]. Jpn J Antibiot. 1996;49(3):256-63.

106. Sun H, He P. Characterization of interaction between doxycycline and human
serum albumin by capillary electrophoresis&hyphen;frontal analysis. Electrophoresis.

2009;30(11):1991-7.

107. Meti MD, Byadagi KS, Nandibewoor ST, et al. In vitro studies on the
interaction between human serum albumin and fosfomycin disodium salt, an antibiotic
drug by multi-spectroscopic and molecular docking methods. Molecular Biology

Reports. 2014;41(4):2377-87.

108. Rehman MT, Shamsi H, Khan AU. Insight into the Binding Mechanism of
Imipenem to Human Serum Albumin by Spectroscopic and Computational Approaches.

Molecular Pharmaceutics. 2014;11(6):1785-97.

46



109. Yanagimoto H, Teramatsu T, Goto J, et al. Specific Variability of Teicoplanin
Protein Binding in Patients Receiving Continuous Hemodiafiltration - Comparison with

Hypoalbuminemia Patients. Yakugaku Zasshi. 2013;133(6):711-7.

110. Roberts JA, Stove V, De Waele JJ, et al. Variability in protein binding of
teicoplanin and achievement of therapeutic drug monitoring targets in critically ill
patients: Lessons from the DALI Study. International Journal of Antimicrobial Agents.

2014;43(5):423-30.

111. Yano R, Nakamura T, Tsukamoto H, et al. Variability in Teicoplanin Protein
Binding and Its Prediction Using Serum Albumin Concentrations. Therapeutic Drug

Monitoring. 2007;29(4):399-403.

112. Bi S, Song D, Tian Y, et al. Molecular spectroscopic study on the interaction of
tetracyclines with serum albumins. Spectrochimica Acta Part A: Molecular and

Biomolecular Spectroscopy. 2005;61(4):629-36.

113. LiL, Miles MV, Lakkis H, et al. Vancomycin-binding characteristics in patients

with serious infections. Pharmacotherapy. 1996;16(6):1024-9.

114. Marti R, Rosell M, Pou L, et al. Influence of Biochemical Parameters of Liver
Function on VVancomycin Pharmacokinetics. Pharmacology & Toxicology.

1996;79(2):55-9.

115. Lewis RE, Wiederhold NP, Prince RA, et al. In vitro pharmacodynamics of

rapid versus continuous infusion of amphotericin B deoxycholate against Candida

47



species in the presence of human serum albumin. J Antimicrob Chemother.

2006:57(2):288-93.

116. Romanini D, Avalle G, Farruggia B, et al. Spectroscopy features of the binding
of polyene antibiotics to human serum albumin. Chemico-Biological Interactions.

1998:115(3):247-60.

117. Nguyen TH, Hoppe-Tichy T, Geiss HK, et al. Factors influencing caspofungin
plasma concentrations in patients of a surgical intensive care unit. Journal of

Antimicrobial Chemotherapy. 2007;60(1):100-6.

118. Mino Y, Naito T, Watanabe T, et al. Hydroxy-itraconazole pharmacokinetics is
similar to that of itraconazole in immunocompromised patients receiving oral solution

of itraconazole. Clinica Chimica Acta. 2013;415:128-32.

119. Mochizuki M, Murase S, Takahashi K, et al. Serum Itraconazole and
Hydroxyitraconazole Concentrations and Interaction with Digoxin in a Case of Chronic
Hypertrophic Pachymenigitis Caused by Aspergillus flavus. Nippon Ishinkin Gakkai

Zasshi. 2000;41(1):33-9.

120. Arredondo G, Suarez E, Calvo R, et al. Serum protein binding of itraconazole
and fluconazole in patients with diabetes mellitus. J Antimicrob Chemother.

1999:43(2):305-7.

121. Arredondo G, Calvo R, Marcos F, et al. Protein binding of itraconazole and

fluconazole in patients with cancer. Int J Clin Pharmacol Ther. 1995;33(8):449-52.

48



122. Nakagawa Y, Ichii Y, Saeki Y, et al. Effect of liver and kidney function on
migafungin disposition in patients with hematologic malignancies. European Journal of

Drug Metabolism and Pharmacokinetics. 2008;33(3):191-8.

123. Fanali G, Cao Y, Ascenzi P, et al. Binding of 89-tetrahydrocannabinol and

diazepam to human serum albumin. IUBMB Life. 2011;63(6):446-51.

124.  Al-Shurbaji A, Tikics L. The Pharmacokinetics of Ketobemidone in Critically ill

Patients. British Journal of Clinical Pharmacology. 2002;53(6):583-6.

125. Ohmori J, Maeda S, Higuchi H, et al. Propofol increases the rate of aloumin-
unbound free midazolam in serum albumin solution. Journal of Anesthesia.

2011;25(4):618-20.

126. Mashayekhi SO, Hain RDW, Buss DC, et al. Morphine in Children with Cancer.

Journal of Pain & Palliative Care Pharmacotherapy. 2007;21(4):5-12.

127. Takizawa E, Takizawa D, Hiraoka H, et al. Disposition and pharmacodynamics
of propofol during isovolaemic haemorrhage followed by crystalloid resuscitation in

humans. British Journal of Clinical Pharmacology. 2006;61(3):256-61.

128. Zhou R, Perez-Aguilar JM, Meng Q, et al. Opioid Binding Sites in Human

Serum Albumin. Anesthesia & Analgesia. 2012;114(1):122-8.

129. Dawidowicz AL, Kalitynski R, Kobielski M, et al. Influence of propofol
concentration in human plasma on free fraction of the drug. Chemico-Biological

Interactions. 2006;159(2):149-55.

49



130.  Schywalsky M, Ihmsen H, Knoll R, et al. Binding of Propofol to Human Serum

Albumin. Arzneimittelforschung. 2011;55(06):303-6.

131. Mazoit JX, Samii K. Binding of propofol to blood components: implications for
pharmacokinetics and for pharmacodynamics. British Journal of Clinical Pharmacology.

2001;47(1):35-42.

132.  Zamacona MK, SuARez E, Aguilera L, et al. Serum protein binding of propofol

in critically ill patients. Acta Anaesthesiologica Scandinavica. 1997;41(10):1267-72.

133. Bhattacharya AA, Curry S, Franks NP. Binding of the general anesthetics
propofol and halothane to human serum albumin. High resolution crystal structures. J

Biol Chem. 2000;275(49):38731-8.

134. Del Giudice A, Leggio C, Balasco N, et al. Ibuprofen and Propofol Cobinding
Effect on Human Serum Albumin Unfolding in Urea. The Journal of Physical

Chemistry B. 2014;118(34):10043-51.

135. Khan SN, Islam B, Rajeswari MR, et al. Interaction of anesthetic supplement

thiopental with human serum albumin. Acta Biochim Pol. 2008;55(2):399-409.

50



	Affiliations:
	1. Intensive Care Department, Vall d’Hebron University Hospital; Shock, Organ Dysfunction and Resuscitation Research Group (SODIR), Vall d’Hebron Institut de Recerca; Barcelona, Spain
	2. Pharmacy Department. Hospital del Mar; Barcelona, Spain (FMateu@parcdesalutmar.cat)
	3. Anesthesiology and Resuscitation Department, La Paz University Hospital; Madrid, Spain (emilio.maseda@gmail.com)
	5. Anesthesiology and Resuscitation Department, Río Hortega Hospital; Valladolid, Spain (caldecoaal@saludcastillayleon.es)
	6. Intensive Care Department, Sabadell Hospital; Barcelona, Spain (cdeharo@tauli.cat)
	7. Unidad Clínica de Cuidados Intensivos, Hospital Universitario Virgen Macarena. Instituto de Biomedicina de Sevilla (IBIS); Sevilla, Spain (jose.garnacho.sspa@juntadeandalucia.es)

