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Abstract

Albumin is the most abundant plasma protein. Critical iliness is often associated with altered,
predominately decreased, serum albumin levels. This hypoalbuminaemia is usually cor-
rected by administration of exogenous albumin. This study aimed to track the concentration-
dependent influence of albumin on blood coagulation in vitro. Whole blood (WB) samples
from 25 volunteers were prepared to contain low (19.3 + 7.7 g/L), physiological (45.2 + 7.8
g/L), and high (67.5 £ 18.1 g/L) levels of albumin. Haemostatic profiling was performed
using a platelet function analyzer (PFA) 200, impedance aggregometry, a Cone and Platelet
analyzer (CPA), calibrated automated thrombogram, and thrombelastometry (TEM). Plate-
let aggregation-associated ATP release was assessed via HPLC analysis. In the low albu-
min group, when compared to the physiological albumin group, we found: i) shortened PFA
200-derived closure times indicating increased primary haemostasis; ii) increased imped-
ance aggregometry-derived amplitudes, slopes, ATP release, as well as CPA-derived aver-
age size indicating improved platelet aggregation; iii) increased TEM-derived maximum clot
firmness and alpha angles indicating enhanced clot formation. TEM measurements indi-
cated impaired clot formation in the high albumin group compared with the physiological
albumin group. Thus, albumin exerted significant anticoagulant action. Therefore, low albu-
min levels, often present in cancer or critically ill patients, might contribute to the frequently
occurring venous thromboembolism.

Introduction

Albumin, the most abundant plasma protein, has numerous functions in health. It contributes
up to 80% of the total colloid osmotic pressure, transports drugs and endogenous compounds,
acts as an effective plasma bulffer, exhibits significant antioxidant potential, and maintains
microvascular integrity [1-3].

A link between low serum albumin and an increase in morbidity and mortality has been
shown [4]. For example, hypoalbuminaemia in hospitalized patients is associated with increased
length of stay and higher complication rates [5]. Non-survivors of critical illness have lower serum
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albumin concentrations than survivors [6]. Therefore, exogenous albumin is widely used to cor-
rect hypoalbuminaemia. For example, patients with severe burn injury as well as cirrhotic patients
have been shown to benefit from albumin therapy [7, 8].

Several studies suggest that albumin affects blood coagulation. However, the findings pre-
sented therein are equivocal. On one hand, albumin has been shown to exert anticoagulant
action due to its capability to bind antithrombin, associated with enhanced neutralization of
coagulation factor Xa [9], and its inhibitory effect on platelet aggregation [10]. Moreover, albu-
min infusion has been shown to decrease the patients’ coagulation competence during major
surgery by using thrombelastometry measurements [11]. Furthermore, albumin infusion has
been shown to decelerate the clot formation process compared to to hydroxyethyl starch or
Ringer’s lactate infusion postoperatively [12].

On the other hand, albumin has been reported to exert procoagulant action. An anionic
form of albumin, present in normal human plasma, is capable of inducing tissue factor (TF)
generation in monocytes which is associated with activation of coagulation [13]. Moreover,
hypercoagulability following albumin administration has been demonstrated in rabbits [14].

This in vitro study aimed to clarify whether addition of exogenous albumin shifts the hae-
mostatic system towards a hyper- or a hypocoagulable state. All previous studies investigating
the effects of albumin on coagulation were mainly performed in platelet poor plasma (PPP)
samples or in purified systems containing washed platelets. In contrast, the present study was
performed mainly in whole blood (WB) samples. While PPP contains the majority of the coag-
ulation factors implicated in the coagulation process, WB includes i.a. monocytes and platelets
which support coagulation. We herein examined the effects of low, physiologic, and high albu-
min levels in WB on platelet adhesion, platelet aggregation, and on thrombelastometry values,
a method suitable for real-time assessment of clotting speed and strength [15]. Additionally,
thrombin formation curves and F1+2 levels were measured in PPP samples.

It has recently been shown in cancer patients that reduced serum albumin levels are signifi-
cantly associated with an increased risk of venous thromboembolism (VTE) and mortality [16,
17]. However, these studies did not reveal whether low serum albumin concentrations are a
direct cause for VTE or just an associated marker. Experimental data from the present study
may help to elucidate whether low albumin levels have to be considered as a risk factor or as
an associated marker for VTE in critically ill patients.

Material and methods
Reagents and devices

Human serum albumin (HSA), HCIO,, K,CO3, and HiTrapf@ Blue High Performance were
purchased from Sigma-Aldrich (Vienna, Austria). A HSA stock solution was prepared by dis-
solving 700 mg of albumin in 1 mL of 0.9% saline. Recombinant human TF thromboplastin
(Innovin™) was obtained from Dade Behring Marburg GmbH (Marburg, Germany). The
fibrin polymerization inhibitor GPRP (Pefabloc FG) was obtained from Pentapharm LDT
(Basel, Switzerland). HSA plasma levels were determined on a spectrometer from Bio-Tek
Instruments Inc. (Winooski, Vermont, USA) at wavelength 578 nm using the bromocresol
green method; the respective reagents were from HUMAN (Wiesbaden, Germany). The Plate-
let Function Analyzer (PFA) 200 was from Siemens Healthcare Diagnostics (Vienna). All
other chemicals were from Sigma (Vienna).

Subjects

After approval of the appropriate institutional review board (ethics committee of the Medical
University of Graz; 27-320 ex 14/15) and with written informed consent, a total of 25 healthy
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volunteers (14 male, 11 female) aged between 29 and 44 years were recruited. All volunteers
denied taking any medication within the last two weeks which might influence coagulation.
The volunteers did not suffer from renal or liver disease or coagulation disorders.

Blood collection and preparation

Twenty five subjects were enrolled and the obtained blood was split in two sets of experimental
batches to perform the different analyses. The WB measurements were performed within 3h of
blood sampling. Blood sampling was performed in two consecutive steps for each subject. In
the first step, nine mL of blood from the antecubital vein were collected into pre-citrated Vacu-
ette™ marked tubes (Greiner Bio-one GmbH, Kremsmiinster, Austria) containing 3.8%
sodium citrate. A tube containing EDTA was sampled first in order to determine full blood
count and to exclude initial coagulation activation from venepuncture and venous stasis. The
citrated WB was centrifuged at room temperature for 20 min at 1,500 g. The supernatant (4
mL of platelet poor plasma, PPP) was removed and depleted from albumin using HiTrap®™
Blue HP columns for affinity chromatography. The resulting albumin-depleted plasma was
stored at -70°C until use. In the second step, WB was collected in the same way as described
above. After centrifugation, PPP was partly removed and replaced by the same volume of the
autologous albumin-depleted plasma which was obtained in the first step. After gentle shaking
‘low albumin” WB samples were obtained. WB samples containing physiological or ‘high’ levels
of albumin were prepared by spiking ‘low albumin” WB samples (300 uL) with increasing
amounts (up to 30 pL) of HSA stock solution. Platelet function tests and thrombelastometry
measurements were performed in the prepared WB samples. Subsequently, the remaining WB
was centrifuged in order to prepare PPP samples. Thrombin generation, F1+2, and albumin
levels were evaluated in PPP samples.

Evaluation of primary haemostasis

Using the PFA 200, primary haemostasis is simulated with an in vitro quantitative measure-
ment of platelet adhesion and aggregation in WB. The system uses citrated WB (800 pl) that is
aspired under high shear stress rates through an aperture cut into a membrane coated with col-
lagen (a subendothelial protein generally believed to be the initial matrix for platelet attach-
ment) and either ADP or epinephrine. In response to the local shear stress and the agonists in
the membrane, platelets are activated, adhere to collagen in the membrane surrounding the
aperture, and aggregate until a stable platelet plug occludes the blood flow through the aper-
ture. This time period recorded by the instrument is designated as the closure time (CT), rep-
resenting a measure of platelet-dependent haemostasis, in particular platelet activation,
adherence, and aggregability [18].

Whole blood platelet aggregation assay

WB aggregation assessments were performed using a Chrono-Log Whole Blood Aggregometer
Model 590 from Probe & Go (Endingen, Germany), which is based on the impedance method
[19]. Impedance aggregometry results are expressed as amplitude (or maximum aggregation)
in ohm at six minutes after reagent addition and as lag time (or aggregation time) in seconds,
the time interval until the onset of platelet aggregation. The rate of platelet aggregation is
expressed as slope in ohm/min. Collagen (2 ug mL™, final concentration), purchased from
Probe & Go, was used as platelet agonist, as previously described [20].
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Platelet aggregation associated ATP release

The aggregability of platelets can be assessed by quantitative determination of ATP exocytosis
[21]. WB samples containing low, physiological or high levels of albumin were centrifuged at
150 g for 12 min in order to obtain platelet rich plasma (PRP) samples. Platelet aggregation
was induced by addition of collagen (2 ug mL™, final concentration) to 500 uL of the PRP sam-
ples. After two minutes, the PRP samples were centrifuged at 1,500 g for two minutes and pro-
teins in the supernatant were precipitated with 0.4 M perchloric acid. After centrifugation at
12,000 g 100 uL of the supernatant were neutralized by addition of 10-12 uL of 2 M K,COj3 at
4°C. The supernatant obtained after centrifugation was used for HPLC analysis (injection vol-
ume: 40 pL). Separation of adenine nucleotides was performed on a Hypersil ODS column

(5 um, 250 x 4 mm L.D., equipped with a precolumn; Thermo Electron Corp. Runcorn, Chesh-
ire, UK) using a L-2200 autosampler, two L-2130 HTA pumps, and a L-2450 diode array detec-
tor (all VWR International, West Chester, PA, USA) as previously described [22]. Detector
signals (absorbance at 254 nm) were recorded and the program EZchrom Elite (VWR) was
used for data acquisition and analysis.

Whole blood platelet adhesion/aggregation assay

Platelet adhesion was assessed using a Cone and Platelet Analyzer (CPA) (DiaMed, Linz, Aus-
tria) as described previously [23]. Briefly, 130 pl of citrated WB was placed in polystyrene
tubes and allowed to flow (1,300 s™*) for two minutes using a rotating Teflon cone. Subse-
quently, the wells were washed with PBS, stained with May-Griinwald solution and analyzed
with an image analysis system. Surface coverage (SC) and average size (AS) were determined
to elucidate platelet function. SC, representing platelet adhesion, is expressed as the percentage
of total area covered by platelets. AS, representing platelet aggregation, is defined as the aver-
age size of the surface bound objects.

Automated fluorogenic measurement of thrombin generation

Thrombin generation curves were monitored using calibrated automated thrombography
(CAT) (Thrombinoscope BV, Maastricht, the Netherlands) [24]. The ability of a plasma sam-
ple to generate thrombin was assessed with respect to lag time preceding the thrombin burst
(Lag Time), time to peak (ttPeak), peak height (Peak), maximum velocity of thrombin forma-
tion (Vellndex) and endogenous thrombin potential (ETP), and the time point of free throm-
bin disappearance (StartTail). Measurements were carried out in the presence of five pM of TF
(final concentration). Measuring the formation of thrombin, the pivotal enzyme in haemosta-
sis, has been shown to be an appropriate method to assess the coagulability of a given plasma
sample [24, 25].

Plasma levels of F1+2

Coagulation was triggered by addition of 40 pL of ‘trigger solution’ (0.35 pM TF, 3 mM CaCl,,
8 mM GPRP, final concentrations) to 300 pL of citrated PPP containing low, physiological, or
high levels of albumin. After six minutes plasma levels of F1+2 were determined using ELISA

kits from Behring Diagnostics GmbH (Marburg) as described in detail previously [26, 27].

Whole blood tissue factor-triggered TEM assay

The clot formation process was monitored using the TEM coagulation analyser (ROTEM *05)
from Matel Medizintechnik (Graz, Austria). The period of time from adding trigger to initial
fibrin formation is designated as the ‘Coagulation time’ (CT); the time until the amplitude
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reaches 20 mm refers to the ‘Clot formation time’ (CFT). ‘Maximum clot firmness’ (MCF)
reflects clot stability and the ‘alpha angle’ indicates the velocity of fibrin built-up and cross-
linking. The final sample volume was 340 pL. Clot formation was initiated by addition of 40 uL
of ‘trigger solution’ (without GPRP) to 300 pL of citrated WB. This method has been described
in detail previously by Sorensen et al. [15].

Standard laboratory tests

Plasma levels of FII, FVII, and FVIII were determined on a BM/Hitachi 917 from Roche
(Vienna). Haematocrit and blood cell counts were determined on a Sysmex KX-21 N Auto-
mated Haematology Analyzer from Sysmex (Illinois, USA).

Statistics

Differences in groups (low, physiological, and high albumin) were determined by means of
one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test
(using the GraphPad 5.0 Prism package). Paired t-test was used to evaluate platelet adhesion
measurements on the CPA. All p-values of < 0.05 were considered statistically significant.
. p<0.05 % ... p<0.01,**. .. p<0.00l.

Results

Coagulation factors, haematocrit, and blood cell counts of all subjects were in the physiological
range of healthy adults [28]. The albumin concentration was 19.3 + 7.7 g/L (‘low albumin’),
45.2 + 7.8 g/L (‘physiological albumin’), and 67.5 + 18.1 g/L (‘high albumin’), respectively.
Plasma levels of coagulation factors in the prepared WB samples were approx. 80% of the
respective physiological values due to losses during adsorption chromatography.

Effects of different albumin concentrations on primary haemostasis

Primary haemostasis, assessed by means of the PFA 200 utilizing membranes coated with
collagen/epinephrine, was significantly attenuated in the presence of increasing levels of
albumin (Table 1): Closure times were significantly prolonged with increasing concentra-
tions of albumin. However, this effect was not observed using membranes coated with colla-
gen/ADP.

Table 1. Effects of low, physiologic, and high albumin concentrations on primary haemostasis.

Low albumin Phys. albumin High albumin A phys.—low A phys.—high
Closure time (s) 167 £40 203+ 44 248 +49 -35+ 10, ** +45 £ 15, *
(coll./epinephrine)
Closure time (s) 175+ 64 192 + 82 222 + 87 -17+£10, n.s. +30+11,n.s.
(coll./ADP)

Data were analysed by using one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test and are presented as mean + SD,
n =10. Changes between baseline (physiologic albumin levels) and low or high albumin levels have been calculated for each individual. The respective
mean changes with standard errors are presented.

*p <0.05.

**p <0.01.

https://doi.org/10.1371/journal.pone.0182997.t001
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Effects of different albumin concentrations on platelet aggregation and
ATP exocytosis

Platelet aggregation was assessed in ten individuals by impedance measurements and was sig-
nificantly higher in the presence of low amounts of albumin compared with physiological
amounts of albumin (Table 2). No significant differences were found between the physiologi-
cal and the high albumin group. ATP measurements were performed in plasma from six indi-
viduals. The very conservative Bonferroni test indicated no significant difference between the
separate groups, however, ANOVA shows an overall significant decrease of ATP release from
low to high albumin concentrations.

Effects of different albumin concentrations on platelet adhesion/
aggregation using CPA

Under the applied experimental conditions, albumin had no effect on platelet adhesion. The
SC percentages were similar in all three groups (p = 0.4254, Table 3). Nonetheless, albumin
affected platelet aggregation. The AS of WB samples containing low amounts of albumin was
significantly higher than that of WB samples containing physiological levels of albumin
(Table 3). However, no significant differences with respect to AS were found between the
physiological and the high albumin group.

Effects of different albumin concentrations on thrombin generation

CAT measurements predominantly indicated a tendency towards decreased thrombin forma-
tion comparing the physiological with the low albumin group (Table 4). Lag times were signif-
icantly prolonged and (thrombin) Peaks were significantly lower in the low albumin group.
However, no significant differences were found between the physiological albumin group and
the high albumin group. Moreover, ETP, the total amount of thrombin generated in the
plasma sample, was not affected by albumin. Plasma levels of F1+2, another marker of throm-
bin generation, also indicated procoagulant action of albumin. Plasma levels of F1+2 were sig-
nificantly higher in the physiological albumin group compared with the low albumin group
(Table 4). However, no significant differences were found between the physiological and the
high albumin group.

Table 2. Effects of low, physiologic, and high albumin concentrations on platelet aggregation.

Low albumin Phys. albumin High albumin A phys.—low A phys.—high

Amplitude (ohm) 8.7+3.4 6.0+ 3.1 49+28 +2.5+0.5, ¥** -1.2+0.3,n.s.
Slope (ohm/min) 49+21 40+1.9 35+1.4 +0.9+04,* -0.5+0.2,n.s.
Lag time (s) 100+ 29 149 +63 178 + 68 -49+£12, ** +29+9,n.s.

ATP release 1.18+0.14 1.02+0.27 0.96+0.13 +0.17 £0.04, n.s. -0.06 £ 0.05, n.s.

(nmol/10°® cells)

Data were analysed by using one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test and are presented as mean + SD.
Changes between baseline (physiologic albumin levels) and low or high albumin levels have been calculated for each individual. The respective mean
changes with standard errors are presented.

*p <0.05.

**p<0.01.

**%p < 0.001.

https://doi.org/10.1371/journal.pone.0182997.t1002
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Table 3. Effects of low, physiologic, and high albumin concentrations on platelet adhesion/aggregation assessed by means of CPA.

Low albumin Phys. albumin High albumin A phys. — low A phys. — high
SC (%) 11.7+45 11.9+3.1 10.5+3.3 -0.18 £1.31, n.s. -1.37+1.16,n.s
AS (um?) 52.9+22.2 35.6+9.1 35.8+11.6 +17.3+3.8, ** +0.2+2.3,n.s.

Data were analysed by using one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test and are presented as mean + SD.
Changes between baseline (physiologic albumin levels) and low or high albumin levels have been calculated for each individual. The respective mean
changes with standard errors are presented, n = 15.

**p <0.01.

https://doi.org/10.1371/journal.pone.0182997.t1003

Effects of different albumin concentrations on thrombelastometry values

TEM values indicated anticoagulatory action of albumin (Table 5). MCFs and alpha angles sig-
nificantly decreased in the presence of increasing albumin levels (low albumin group vs. physi-
ological albumin group and physiological albumin group vs. high albumin group), indicating
impaired clot formation. Moreover, CTs and CFT's were significantly prolonged in the high
albumin group compared to the physiological albumin group, also indicating impaired clot
formation. However, CTs and CFT's were not significantly different between the low albumin
group and the physiological albumin group.

Discussion

In the present study we show significant anticoagulant properties of albumin using several
functional coagulation tests. Prolonged CTs, evaluated by means of the PFA 200 using mem-
branes coated with collagen/epinephrine, indicate attenuated primary haemostasis with
increasing albumin levels. Presumably, albumin, due to its ability to bind to epinephrine, coats
the membran’s surface and thus inhibits the deposition of platelets [29]. Moreover, in WB
samples with low concentrations of albumin impedance aggregometry as well as CPA mea-
surements indicate enhanced platelet aggregation compared to WB containing physiological
levels of albumin. TEM measurements indicate impaired clot formation with increasing albu-
min concentration. However, the absolute numbers of the changes of the coagulation parame-
ters were, although significant, relatively small. Therefore, albumin has to be considered as
mild but yet significant anticoagulant. However, thrombin peak formation was decreased in

Table 4. Effects of low, physiologic, and high albumin concentrations on thrombin generation assessed by means of CAT and by F1+2 plasma
levels.

Low albumin Phys. albumin High albumin A phys.—low A phys.—high
Lag time (min) 29+0.5 25+0.3 24+0.2 +0.4+0.1, ** -0.2+0.1, n.s.
Peak (nmol/L) 150 + 33 185 + 28 205+ 32 -35+6, *¥** +20%5,n.s.
ETP (nM.min) 1374 +128 1352 + 261 1377 + 247 +22 +51,n.s. +25 + 38, n.s.
F1+2 (pmol/L) 1095 + 237 1254 + 276 1325+ 383 -159+48, * +71+9,n.s.

Data were analysed by using one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test and are presented as mean + SD,
n =10. Changes between baseline (physiologic albumin levels) and low or high albumin levels have been calculated for each individual. The respective
mean changes with standard errors are presented.

*p <0.05.

**p <0.01

*¥*%p <0.001.

https://doi.org/10.1371/journal.pone.0182997.t1004
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Table 5. Effects of low, physiologic, and high albumin concentrations on thrombelastometry values.

Low albumin

CT (s) 165 + 41
CFT (s) 169 + 80
MCF mm) 51+5
alpha (°) 62+8

Phys. albumin High albumin A phys.—low A phys.—high
172+ 30 191+ 45 -7+6,n.s. +19+6, *
206 +83 268 £ 122 -37+11,n.s +61 £ 13, **

48+6 46+ 6 +3 £ 1, ** -2+0.5, ¥¥
58+8 519 +4+1,* S7 £, ¥

Data were analysed by using one-way ANOVA for repeated measurements with Bonferroni’s multiple comparison test and are presented as mean + SD,
n = 15. Changes between baseline (physiologic albumin levels) and low or high albumin levels have been calculated for each individual. The respective
mean changes with standard errors are presented.

*p <0.05.
**p < 0.01.
*%%p < 0.001.

https://doi.org/10.1371/journal.pone.0182997.t005

plasma samples containing low levels of albumin compared with the physiological albumin
group. This is controversial to the results found in WB samples (PFA, platelet aggregation,
CPA, and TEM).

The underlying mechanisms by which albumin attenuates platelet function in WB samples
are not fully understood so far. However, various conclusions can be drawn from previous
studies using washed platelets in artificial systems or from animal studies. In these studies the
inhibitory effect of albumin on platelet aggregation could be partly attributed to its capability
to bind arachidonic acid. As a consequence, platelet-derived cyclooxygenases are deprived of
their substrate and can’t form the platelet agonist thromboxane A2. Additionally, albumin has
been shown to inactivate thromboxane A2 directly through binding [30]. Moreover, it has also
been reported that albumin can bind platelet-activating factor (PAF) with high affinity [31]. As
aresult, PAF-induced platelet aggregation is suppressed in the presence of increasing levels of
albumin in a concentration-dependent manner [32].

Another mechanism through which albumin can exert its anti-aggregatory action in WB
samples might be its capability to concentration-dependently induce inducible nitric oxide
synthase in macrophages [33, 34]. This induction would lead to enhanced formation of the
potent platelet inhibitor nitric oxide (NO).

Binding of the platelet aggregation inhibitor prostacyclin (PGI,) to albumin prevents its
degradation [35]. Increased binding of PGI, at higher albumin concentrations could further
trigger the anti-aggregatory effects. Furthermore, the availability of PGI, for its receptor on
platelets has been shown to increase with augmenting albumin levels [36].

Regarding the effects of albumin on secondary haemostasis, evaluated in terms of thrombin
generation, the results presented herein are contradictory to previous studies. A heparin-like
(and thus anticoagulant) activity of albumin has been suggested [9]. We, however, found accel-
erated formation of thrombin associated with high thrombin peaks and markedly elevated lev-
els of F1+2 in the presence of increasing amounts of albumin in TF-activated PPP samples.
This apparent procoagulant action of albumin, however, cannot be attributed to the presence
of the previously described “procoagulant albumin”. Procoagulant albumin has been shown to
support coagulation by inducing TF expression in endothelial cells and monocytes but we
measured thrombin generation in PPP samples lacking these cells [37]. To our knowledge, the
underlying mechanisms of the procoagulant properties of albumin in PPP samples are missing
so far. Whether albumin is capable of binding to coagulation inhibitors/activators and, in con-
sequence, alter their functionality is conceivable but still lacks experimental data. On the other
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hand, the procoagulant action of albumin presented herein might be of minor physiological or
clinical significance. We found that albumin has no influence on ETP, a parameter frequently
used to estimate the coagulability of plasma [24, 25].

It has been shown that TEM measurements allow a complete evaluation of the process of
clot initiation, formation, and stability [15]. Using this method, we found that albumin clearly
exerts anticoagulant properties. Prolonged clotting times (CT's and CFTs) in the high vs. the
physiological albumin group and decreased MCFs and alpha angles in WB samples containing
higher levels of albumin (low albumin group vs. physiological albumin group and physiologi-
cal albumin group vs. high albumin group) indicated impaired clot formation capacity of WB
samples. In particular, the observed changes of CFT and alpha angle values indicate a signifi-
cant deceleration of fibrin built-up and decreasing MCFs indicate both, impaired fibrin built-
up and impaired platelet function [38]. These findings are in good agreement with results
from two recent studies. Pathirana et al. have shown that a 40% haemodilution with a 4% albu-
min solution impaired coagulation to a greater extent than an equivalent haemodilution with
saline [39]. The present study shows albumin-induced impairment of coagulation even at
markedly lower degrees of haemodilution (~10%). Presumably, the high sensitivity of our
measurements is attributable to the low amounts of trigger (TF is in the picomolar range)
applied to initiate coagulation [15]. Tholking et al. have also shown impaired coagulation after
the use of 5% HSA solution in therapeutic plasma exchange [40]. However, their findings can-
not directly be compared with the present study. The coagulopathy found in their study is
mainly attributable to depletion of procoagulatory factors, e.g. approx. 50% reduced fibrinogen
levels due to infusion of the HSA solution.

The exact mechanisms by which albumin impairs coagulation in its entirety have yet to be
elucidated. However, results from previous studies as well as experimental data obtained in
this study reveal that albumin can interact with fibrinogen resulting in impaired fibrinogen
activity [41]. Consistently, it has been shown that albumin-induced coagulopathy can effec-
tively be reversed by addition of fibrinogen concentrate [42].

The findings of the present study might help to partially explain thrombotic events in sev-
eral clinical situations associated with low serum albumin levels [16, 17]. The authors acknowl-
edge that it is currently not clear whether serum albumin is mechanistically involved or
whether this correlation is a manifestation of underlying inflammatory processes. The results
from our study are derived from healthy persons, and, thus, cannot directly be transferred to
the clinical situation. However, our results would suggest that low serum albumin levels con-
tribute to VTE. WB samples containing low amounts of albumin were in a hypercoagulable
state compared to WB samples containing physiological levels of albumin. Most likely, low lev-
els of serum albumin, as observed in cancer patients, slightly shift the haemostatic system
towards hypercoagulability, a prerequisite for the development of VTE.

It has been shown that cirrhotic patients with ascites benefit from albumin therapy by pre-
venting postparacentesis circulatory dysfunction [7]. In contrast, liver disease depending on
coexisting circumstantial risk factors has been shown to be associated with a derangement of
haemostasis easily leading to bleeding or thrombosis [43]. Albumin, by virtue of its anticoagu-
latory properties shown herein, might be such a risk factor. Albumin therapy in liver disease
patients might therefore be associated with risk of hemorrhage.

Finally, the results presented herein help to explain the well-functioning haemostasis in
neonates despite their low levels of coagulation factors [26, 44]. In the last years several features
have already been shown contributing to the procoagulant readiness of neonatal blood, e.g.
unusually large von Willebrand factor multimers [45] and physiological low levels of natural
anticoagulants [26]. We propose that the low physiological levels of albumin (approx. 10 g/L
during the first 12 weeks) [46] are an additional issue. According to our present findings, these
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low albumin levels might contribute to efficient platelet aggregation and clot formation in
neonates.

It has to be stated that albumin might have a limited effect on the coagulation system in the
clinical setting. Rasmussen et al. have shown that albumin reduced the coagulation compe-
tence and increased hemorrhage during major non cardiac surgery but did not reveal signifi-
cant clinical impact [11].
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