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Abstract
Background: Endothelial cells (EC) in vivo are strongly influenced by changes of
the milieu exterieur. Under pathological conditions EC can become activated e.g. in
hypoxic areas or during sepsis. In general, the endothelialization of implant materials
is evaluated in vitro under physiological conditions. Though, in patients who receive
implant materials pathological conditions are often present. An open question is
therefore, how ECs seeded on a body foreign substrate behave in a pathologic
microenvironment. In this in vitro study a microenvironment was created mimicking
the conditions present in septic patients. To simulate this situation in vitro, serum of
patients with septic shock was added to the culture medium of EC cultured on glass.
The samples were sheared in a cone-plate rheometer (shear rate of 6 dyn/cm2) with
subsequent analysis of the morphology, the microfilament organization and the shear
resistance and compared to control cultures of EC without shock serum
supplementation. Aim of the study was to investigate whether this in vitro model
provides information about the functionality of an EC monolayer on a body foreign
surface under pathological conditions.
Results: Septic conditions induced severe changes of the morphology of the adherent
cells: there was a strong induction of stress fibers. In addition, lots of cells or cell
groups were detached visible as denuded areas in the EC monolayer. After shear
stress exposure only 28.7% of EC seeded in cell medium supplemented with serum
of septic patients remained adherent (control cells: 96.8%).
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Conclusion: The study demonstrates that the microenvironment is of extreme
importance for the behavior of EC and that in vivo pathologies can be simulated in
vitro. This opens the possibility to evaluate new implant materials under
physiological but more important also under certain pathological conditions simulating the implant size and the disease of the host.
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1. Introduction
Atherosclerotic diseases are still the main cause of death worldwide [29]. Based on
a longer lifespan and improved medical care the number of patients receiving
biomedical implants is raising in the last decades. Particularly the progress in medical
technology has led to an increase of interventional procedures like angioplasty and/or
stenting, valve replacement as well as of vascular bypass surgery [25]. One of the
causes of dysfunction or even failure of such implants is the thrombogenicity of most
of the implant materials [32,33]. This is particularly the case with small vascular
prostheses (< 6 mm). Up to now no synthetic prosthesis for e.g. coronary bypasses
are available [35].
One strategy to overcome this problem is to endothelialize the inner surface of bypass
prostheses [23], modeling in vivo conditions and rendering them haemocompatible.
A dense endothelial cell (EC) monolayer covers the inner surface of blood vessels.
After the first description in 1865 up to the early 1970s, this monolayer was viewed
to be a mere barrier separating the blood cells from the tissue. The discoveries of
prostacyclin [27] and its synthesis in EC [40] as well as the groundbreaking report
from Furchgott & Zawadski about the active role of the endothelium on the
vasodilation of the vasculature [14] have provided the basis that the endothelium is
a key player in the homeostasis of different pathophysiological processes [16].
Among other processes EC are involved in the control of platelet adherence as well
as aggregation and prevent – under physiological conditions – thrombus growth and
vascular occlusions.
However, under pathological conditions EC can be activated e.g. in hypoxic areas or
during sepsis [21,31,36]. In vitro studies using EC monolayers have shown that
numerous factors – occurring in the vasculature under pathological conditions – can
activate EC which then may lose their antithrombotic capacity [42]; like tumor
necrosis factor (TNF, [30]), endotoxin [6], Interleukin-1 [4], or thrombin [15].
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An open question is how EC seeded on a body foreign substrate behave in a
pathologic microenvironment. It is well known, that in septic patients noxa are
circulating in the blood, which lead to severe changes of EC morphology and
function inducing hyperpermeability, edema and hypotension [13,20,24]. To mimick
this situation in vitro, serum of patients with septic shock was added to the culture
medium of EC cultured on glass substrates. The samples with a confluent monolayer
of EC were sheared in a cone-plate rheometer (a shear rate of 6 dyn/cm2 was used to
mimick venous shear rates) and thereafter the morphology, the microfilament
organization and the shear resistance of EC was analyzed and compared to control
cultures of EC without shock serum supplementation.
Our hypothesis is that this in vitro model might provide information about the
functionality of an endothelial monolayer on a body foreign surface under
pathological conditions predicting the in vivo situation. Further studies with polymerbased biomaterials - intended to be used as implant material - are in preparation as
are also other pathological conditions.
2. Material and Methods
2.1 Study design
Human venous endothelial cells (HUVEC) of the third passage derived from human
umbilical cord veins were grown in vitro on an extracellular matrix (ECM). HUVEC
were maintained until functional confluence (stress fiber reduction and formation of
a marginal filament band) under static standard culture conditions (5% CO2, 95%
humidity, 37◦C) [12]. HUVEC were experimentally exposed to shear stress 11 days
after onset of culture. Shear experiments were performed with six samples (n=6).
The manuscript was written in accordance with the ethical guidelines of Clinical
Hemorheology and Microcirculation [3].
2.2 Endothelial cells (HUVEC)
HUVEC were harvested from the human umbilical cord vein by enzymatic digest
using a mixture of 0.1% collagenase and 0.05% trypsin according to the method of
Jaffé [18]. The cells were cultivated in standard culture medium supplemented with
human serum pool. HUVEC of the third passage (5 x 104 cells / cm2) were seeded on
glass cover slips (2.7 cm diameter) coated with a tissue-type ECM secreted by bovine
corneal ECs which is typical of medium and large vessel intimae. Every second day
the culture medium was exchanged.
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2.3 Test Procedure
After reaching functional confluence cell culture medium was exchanged and
supplemented with either septic or autologous serum 20% v/v (see para 2.4).
Thereafter HUVEC were inserted into the rheometer. For the exposure of adherent
HUVEC to uniform shear stress a cone-and-plate shearing device (Smard-CAD
Deutschland GmbH, Neu-Ulm, Germany) was used, which accommodate three
samples per run at 37°C. After insertion of a sample into one of the three probe heads,
the whole setup was positioned directly under a sterile truncated glass-cone (25 mm
diameter and 2° angle) as described by Schulz et al. [39]. The glass cone was
connected to a direct current servo motor of the shearing device and lifted under
observation by a real time camera system until the correct spacing between the cell
seeded surface of the investigated material and the cone tip was achieved. Thereafter
the shearing of the probes was started (6 dyn/cm2 for 30, 60, 90 or 120 minutes).
Directly before and after the shear experiments images were taken to analyze cell
density and morphology.
The actin content of the microfilaments was stained by Phalloidin Rhodamin. The
microfilaments were documented by use of an Olympus microscope (IMT-2)
equipped with a UV lamp and online connected to a TV chain (Sony XC 50
ST/monochrome) implying an OPTIMAS – Image analysis system.
2.4 Serum preparation
Freeze dried sera (from patients with septic shock) were fractionated using a
Sephacryl S-200 column. 100 mg protein were solved in 2 ml of 10 mM ammonium
acetate (pH-7.4), which was also used as balancing buffer, and applied to the column.
The column was perfused at a linear flow rate of 7.4 ml/h and a chromatogram was
recorded. Fractions of 6.5 ml were collected. One ml of each fraction was added to
24 ml Medium 199 supplemented with 20% human serum pool of apparently healthy
donators. The whole solution was sterilized by filtration, filled in sterile vials and
stored at 4° C in a cold storage room during the culture period.
2.5 Staining
Actin and the associated proteins myosin and α-actinin were visualized by
fluorescence microscopy using rhodamin-labelled phalloidin and antibodies to calf
thymus myosin and gizzard α-actinin, as described in detail in [10].
2.6 Statistics
Samples are described with mean and standard deviation. Differences between the
groups over time were evaluated using ANOVA for repeated measures. The null
hypothesis was rejected with a probability of error α of less than 0.05.
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3. Results
Serum of patients added to the culture media (20% v/v) led to significant changes of
the EC. While 96.8% of the EC remained adherent on the ECM using the pure culture
medium, culture medium supplemented with serum of septic patients (20% v/v)
induced a pronounced detachment of EC; in this microenvironment only 28.7% of
the EC still adhered on the ECM after shearing with 6 dyn/cm2 for 2 hours (p<0.01,
see Fig.1).

Figure 1: Percentage of adherent endothelial cells (EC) on extracellular matrix
cultured in medium alone or in culture medium supplemented with serum of septic
patients (20% v/v) exposed to 6 dyn/cm2 shear stress for 2 hours.
Fig. 2a reveals that there was an increase in size of the EC, mostly by cell elongation.
Also holes appeared in the cell layer demonstrating the detachment of groups of EC
subjected to fluid shear stress. This was accompanied by great amounts of cell debris.
Fig. 2b displays the actin part of microfilaments in EC. Below the center of the image
a substantial hole in the EC layer is visible resulting from the detachment of
approximately 3 EC. The majority of neighboring cells showed the marginal filament
band indicative of sufficient cell-cell binding. Cells bordering on the denuded area
displayed a strong induction of stress fibers indicative of an increasing reduction of
cell-substrate binding.
5

Figure 2: a: Phase-contrast visualization of HUVEC cultured on a tissue-typical
extra-cellular matrix in culture medium supplemented with sera from septic shock
patients and exposed to shear stress of 6 dyn/cm2 for 30 minutes (Primary
magnification 1 : 200). Scale bar: 30 µm
b: Display of the actin component of endothelial microfilaments after cytochemical
preparation (Staining of F–actin using Phalloidin-Rhodamin; primary magnification
1 : 630). Scale bar: 30 µm
4. Discussion
Sepsis-associated mortality has been shown to increase with the severity of sepsis
[2]. In its severe form, sepsis is accompanied by evidence of organ dysfunction, with
mortality reported to be 28 to 50% [1,41]. In sepsis, infection elicits a systemic
inflammatory response and endothelial dysfunction which is known to become
pathologic in form of increased endothelial barrier permeability, and the resultant
microvascular leakage associated with end-organ failure [13,22].
Cultures of functionally confluent venous EC on ECM can represent the endothelial
state of venous blood vessels because the microfilament organization in both is
characterized by a dense marginal filament band and scarce or absent stress fibers in
central parts of the cells [9]. It is well known, that in septic shock patients activation
of the endothelium occurs together with a desquamation of EC from the basement
membrane. Here the intracellular actomyosin cytoskeleton of EC plays an important
part in regulating cell shape, cell–cell and cell–matrix interactions, and cell mobility
[5,7,17,28,34].
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In the study presented, the morphology and shear resistance of functionally confluent
EC cultured on a typical ECM was examined. It was reported that the proliferation
rate of EC, as assessed by incorporation of 3H-Thymidine [38], decreased only
marginally when fractions of sera of shock patients were added to the culture
medium. A dose response relationship, however, existed when increasing amounts
of shock sera were added [37]. At a shear stress of 6 dyn/ cm2, as applied in this
study, considerable changes appeared in cell-substrate binding of EC after the
addition of shock serum fractions to the culture medium. The reduction of the cellsubstrate binding led to a serious reduction of endothelial shear resistivity. In most
cases groups of EC detached from the substrate, as clearly demonstrated in Fig. 2.
These results showed a good correlation to clinical findings [26,31]. The time course
of the sequence of events reported here corresponds well to results of a recently
published study [11], where the endothelial permeability, assessed by measurement
of the electrical resistance, increased continuously over time for more than 50 %.
It is important to note that in this study the platelets were suspended in serum and
not in plasma, because platelets in plasma would lead with increasing thrombokrit to
increasing detachment of EC, even under resting conditions [19].
The presentation of the microfilament bands indicated that with the early induction
of stress fibers a change of the cell-substrate binding was associated while the cellcell binding and the marginal filament bands still were relatively intact.
Concluding, the study clearly revealed that the in vitro model used provided valuable
findings about EC under pathological conditions exposed to shear load. Under severe
pathological conditions groups of EC detached and the stress fiber formation was
much more pronounced than under physiological conditions (without septic serum).
The in vitro results were in line with changes observed in patients: EC detached in
small groups which is in accordance with the loss of barrier integrity in septic patients
[8]. In addition, stress fiber formation enhancing the shear resistance of EC seemed
to precede the conversion of marginal filament bands.
The results demonstrate that the microenvironment is of extreme importance for the
behavior of EC and that in vivo pathologies can be simulated in vitro. This opens up
the possibility to evaluate new implant materials under physiological but more
important also under pathological conditions mimicking conditions present at the
implant size and the disease of the host.

7

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

D.C. Angus, W.T. Linde-Zwirble, J. Lidicker, G. Clermont, J. Carcillo and M.R. Pinsky,
Epidemiology of severe sepsis in the United States: analysis of incidence, outcome, and
associated costs of care, Critical Care Medicine 29 (2001), 1303-1310.
D.C. Angus and R.S. Wax, Epidemiology of sepsis: an update, Critical Care Medicine 29
(2001), S109-S116.
Anonymus, Ethical guidelines for publication in Clinical Hemorheology and
Microcirculation: Update 2016, Clinical Hemorheology and Microcirculation 63 (2016),
1-2.
M. Bevilacqua, J. Pober, G. Majeau, R. Cotran and M. Gimbrone, Interleukin 1 (IL-1)
induces biosynthesis and cell surface expression of procoagulant activity in human
vascular endothelial cells, The Journal of Experimental Medicine 160 (1984), 618-623.
N.V. Bogatcheva, J.G. Garcia and A.D. Verin, Role of tyrosine kinase signaling in
endothelial cell barrier regulation, Vascular Pharmacology 39 (2002), 201-212.
M. Colucci, G. Balconi, R. Lorenzet, A. Pietra, D. Locati, M. Donati and N. Semeraro,
Cultured human endothelial cells generate tissue factor in response to endotoxin, Journal
of Clinical Investigation 71 (1983), 1893.
S.R. Coughlin, Protease-activated receptors in vascular biology, Thrombosis and
Haemostasis 86 (2001), 298-307.
S.S. Dhillon, K. Mahadevan, V. Bandi, Z. Zheng, C.W. Smith and R.E. Rumbaut,
Neutrophils, nitric oxide, and microvascular permeability in severe sepsis*, Chest 128
(2005), 1706-1712.
D. Drenckhahn, Cell motility and cytoplasmic filaments in vascular endothelium, Prog
Appl Microcirc 1 (1983), 53-70.
D. Drenckhahn and J. Wagner, Stress fibers in the splenic sinus endothelium in situ:
molecular structure, relationship to the extracellular matrix, and contractility, The Journal
of Cell Biology 102 (1986), 1738-1747.
E.D. Fox, D.S. Heffernan, W.G. Cioffi and J.S. Reichner, Neutrophils from critically ill
septic patients mediate profound loss of endothelial barrier integrity, Crit Care 17 (2013),
R226.
R.P. Franke, M. Gräfe, H. Schnittler, D. Seiffge, C. Mittermayer and D. Drenckhahn,
Induction of human vascular endothelial stress fibres by fluid shear stress, Nature 307
(1984), 648-9.
D.E. Fry, Sepsis, systemic inflammatory response, and multiple organ dysfunction: the
mystery continues, The American Surgeon 78 (2012), 1-8.
R.F. Furchgott and J.V. Zawadzki, The obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by acetylcholine, Nature 288 (1980), 373-376.
K. Galdal, T. Lyberg, S. Evensen, E. Nilsen and H. Prydz, Thrombin induces
thromboplastin synthesis in cultured vascular endothelial cells, Thrombosis and
Haemostasis 54 (1985), 373-376.
C.J. Garland, C.R. Hiley and K.A. Dora, EDHF: spreading the influence of the
endothelium, British Journal of Pharmacology 164 (2011), 839-852.
A. Hall, Rho GTPases and the actin cytoskeleton, Science 279 (1998), 509-514.
E.A. Jaffe, R.L. Nachman, C.G. Becker and C.R. Minick, Culture of human endothelial
cells derived from umbilical veins. Identification by morphologic and immunologic
criteria, Journal of Clinical Investigation 52 (1973), 2745.
8

[19]
[20]
[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

A. Krüger, C. Mrowietz, A. Lendlein and F. Jung, Interaction of human umbilical vein
endothelial cells (HUVEC) with platelets in vitro: Influence of platelet concentration and
reactivity, Clinical Hhemorheology and Microcirculation 55 (2013).
P. Kumar, Q. Shen, C.D. Pivetti, E.S. Lee, M.H. Wu and S.Y. Yuan, Molecular
mechanisms of endothelial hyperpermeability: implications in inflammation, Expert
Reviews in Molecular Medicine 11 (2009), e19.
M. Lichtenauer, B. Goebel, M. Fritzenwanger, M. Forster, S. Betge, A. Lauten, H.R.
Figulla and C. Jung, Simulated temporary hypoxia triggers the release of
CD31+/Annexin+ endothelial microparticles: A prospective pilot study in humans,
Clinical Hemorheology and Microcirculation 61 (2015), 83-90.
N.I. Lone and T.S. Walsh, Impact of intensive care unit organ failures on mortality during
the five years after a critical illness, American Journal of Respiratory and Critical Care
Medicine 186 (2012), 640-647.
C. Lutter, M. Nothhaft, A. Rzany, C.D. Garlichs and I. Cicha, Effect of specific surface
microstructures on substrate endothelialisation and thrombogenicity: Importance for stent
design, Clinical Hemorheology and Microcirculation 59 (2015), 219-233.
N. Matsuda and Y. Hattori, Vascular biology in sepsis: pathophysiological and
therapeutic significance of vascular dysfunction, Journal of Smooth Muscle Research 43
(2007), 117-137.
A.J. Melchiorri, N. Hibino and J.P. Fisher, Strategies and techniques to enhance the in situ
endothelialization of small-diameter biodegradable polymeric vascular grafts, Tissue
Engineering Part B: Reviews 19 (2013), 292-307.
C. Mittermayer and H. Joachim, [Pathomorphology of intensive care treatment (author's
transl)], Z Rechtsmed 78 (1976), 1-12.
S. Moncada, E. Higgs and J. Vane, Human arterial and venous tissues generate
prostacyclin (prostaglandin X), a potent inhibitor of platelet aggregation, The Lancet 309
(1977), 18-21.
A.B. Moy, J. Van Engelenhoven, J. Bodmer, J. Kamath, C. Keese, I. Giaever, S. Shasby
and D.M. Shasby, Histamine and thrombin modulate endothelial focal adhesion through
centripetal and centrifugal forces, Journal of Clinical Investigation 97 (1996), 1020.
C.J. Murray and A.D. Lopez, The global burden of disease, Vol. 1, Cambridge, MA:
Harvard University Press, 1996.
D. Palmieri, S. Capponi, A. Geroldi, M. Mura, P. Mandich and D. Palombo, TNFα
induces the expression of genes associated with endothelial dysfunction through
p38MAPK-mediated down-regulation of miR-149, Biochemical and Biophysical
Research Communications 443 (2014), 246-251.
P. Paulus, C. Jennewein and K. Zacharowski, Biomarkers of endothelial dysfunction: can
they help us deciphering systemic inflammation and sepsis?, Biomarkers 16 (2011), S11S21.
S. Puricel, F. Cuculi, M. Weissner, A. Schmermund, P. Jamshidi, T. Nyffenegger, H.
Binder, H. Eggebrecht, T. Munzel, S. Cook and T. Gori, Bioresorbable Coronary Scaffold
Thrombosis Multicenter Comprehensive Analysis of Clinical Presentation, Mechanisms,
and Predictors, Journal of the American College of Cardiology 67 (2016), 921-931.
M. Reinthaler, S. Braune, A. Lendlein, U. Landmesser and F. Jung, Platelets and coronary
artery disease: Interactions with the blood vessel wall and cardiovascular devices,
Biointerphases 11 (2016).
9

[34]
[35]
[36]

[37]
[38]

[39]
[40]
[41]
[42]

A.J. Ridley, M.A. Schwartz, K. Burridge, R.A. Firtel, M.H. Ginsberg, G. Borisy, J.T.
Parsons and A.R. Horwitz, Cell migration: integrating signals from front to back, Science
302 (2003), 1704-1709.
S. Sarkar, K.M. Sales, G. Hamilton and A.M. Seifalian, Addressing thrombogenicity in
vascular graft construction, Journal of Biomedical Materials Research Part B-Applied
Biomaterials 82B (2007), 100-108.
S.C. Schock, H. Edrissi, D. Burger, R. Cadonic, A. Hakim and C. Thompson,
Microparticles generated during chronic cerebral ischemia deliver proapoptotic signals to
cultured endothelial cells, Biochemical and Biophysical Research Communications 450
(2014), 912-917.
U. Schöffel, K. Kopp, H. Männer and F. Vogel, Human endothelial cell proliferation
inhibiting activity in the sera of patients suffering from ‘shock’or ‘sepsis’, European
Journal of Clinical Investigation 12 (1982), 165-171.
U. Schöffel, H. Männer, J. Shiga and C. Mittermayer, Proliferative response of human
endothelial cultures to various types and treatments of human sera, to culture treatments
and to various oxygen concentrations, Pathology-Research and Practice 175 (1982), 348364.
C. Schulz, M. von Rüsten-Lange, A. Krüger, A. Lendlein and F. Jung, Adherence and
shear-resistance of primary human endothelial cells on smooth poly (ether imide) films,
Clinical Hemorheology and Microcirculation 57 (2014), 147-158.
B.B. Weksler, A.J. Marcus and E.A. Jaffe, Synthesis of prostaglandin I2 (prostacyclin) by
cultured human and bovine endothelial cells, Proceedings of the National Academy of
Sciences 74 (1977), 3922-3926.
K.A. Wood and D.C. Angus, Pharmacoeconomic implications of new therapies in sepsis,
Pharmacoeconomics 22 (2004), 895-906.
J. Zwaginga, J. Sixma and P.G. de Groot, Activation of endothelial cells induces platelet
thrombus formation on their matrix. Studies of new in vitro thrombosis model with low
molecular weight heparin as anticoagulant, Arteriosclerosis, Thrombosis, and Vascular
Biology 10 (1990), 49-61.

10

