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Abstract: Atherosclerosis is initiated by injury or damage to the vascular endothelial cell monolayer.
Therefore, the early repair of the damaged vascular endothelium by a proliferation of neighbouring
endothelial cells is important to prevent atherosclerosis and thrombotic events. Arthrospira platensis
(AP) has been used as a dietary supplement, mainly due to its high content of vitamins, miner-
als, amino acids, and pigments such as chlorophylls, carotenoids, and phycocyanin, ingredients
with antioxidant, anti-inflammatory, and anti-thrombotic properties. Therefore, in this prospective,
placebo-controlled, data-driven, sample-size-estimated in vitro study, we tested whether an aqueous
extract of AP at different concentrations (50, 100, and 200 µg/mL) had an effect on the different
cellular parameters of human umbilical vein endothelial cells. Therefore, cell impedance measure-
ment and cell proliferation were measured to investigate the monolayer formation. In addition, cell
viability, integrity, and metabolism were analysed to evaluate singular cellular functions, especially
the antithrombotic state. Furthermore, cell–cell and cell–substrate interactions were observed. The
highest proliferation was achieved after the addition of 100 µg/mL. This was consistently confirmed
by two independent optical experiments in cell cultures 48 h and 85 h after seeding and additionally
by an indirect test. At this concentration, the activation or dysfunction of HUVECs was completely
prevented, as confirmed by prostacyclin and interleukin-6 levels. In conclusion, in this study, AP in-
duced a significant increase in HUVEC proliferation without inducing an inflammatory response but
altered the hemostasiological balance in favour of prostacyclin over thromboxane, thereby creating
an antithrombotic state. Thus, APE could be applied in the future as an accelerator of endothelial cell
proliferation after, e.g., stent placement or atherosclerosis.

Keywords: human umbilical vein endothelial cells; HUVEC; Arthrospira platensis

1. Introduction

The basal state of the endothelial cell (EC) surface in the cardiovascular system is
thought to be essentially anticoagulant or non-thrombogenic, which is related through the
expression of specific receptors and the release of cell mediators [1,2]. However, biologicals,
drugs, increased shear forces, or the placement of vascular stents can induce an activated
or perturbed state of the EC, ranging from morphological abnormalities to cell detachment.
This can lead to the exposure of the vascular basement membrane, thereby providing a
site where the contact system of blood coagulation could be activated with subsequent
thrombus formation. As a result, a reduced blood supply occurs in the downstream
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tissue. To prevent platelet aggregation/adhesion the vascular endothelium has an anti-
thrombogenic potency by expressing anticoagulant substances including prostacyclin and
nitric oxide [3–5]. According to Russell Ross’s “response to injury theory”, atherosclerosis
is initiated by damage to the vascular endothelial cell monolayer [6,7]. The early repair of
damaged vascular endothelium by the proliferation of neighbouring endothelial cells is
important to prevent atherosclerosis and thrombotic events.

The blue–green alga Arthrospira platensis (AP), commonly known as spirulina, has been
used as a dietary supplement for a long time mainly due to its high content of vitamins, min-
erals, amino acids, and pigments such as chlorophylls, carotenoids, and phycocyanin [8,9],
ingredients with antioxidant, anti-inflammatory, and anti-thrombotic properties [10–12].
AP also has great potential as a supplement to the human diet, particularly due to its
high protein content of up to 70% [13–15]. Recent studies have also demonstrated the first
beneficial effects on endothelial cells and platelets [16].

Figure 1 shows a typical example of HUVECs on a polystyrene tissue culture plate
surface two days after seeding. HUVEC actin fibres, cell nuclei, and von Willebrand Factor
(vWF) were stained by immunocytochemistry. All the cells contained vWF, allowing them
to be characterised as endothelial cells.
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Figure 1. Threefold staining of adherent HUVECs on a tissue culture plate two days after seeding
(cell nucleus in blue, actin stress fibres in green, and von Willebrand factor in red).

In a first preliminary pilot study, it was shown that the supplementation of human
umbilical vein endothelial cells (HUVECs) with an aqueous extract of AP (APE) did not
harm the cells but dose-dependently enhanced the development of an endothelial cell
monolayer in vitro four days after seeding [17]. In addition, some studies reported that the
concurrent use of AP might improve the formation of thrombotic events in patients with
COVID-19 [18–20].
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These data led us to hypothesise that APE can influence the proliferation of HUVECs
and the formation of thrombi. Therefore, in a prospective, placebo-controlled, in vitro
study, we tested whether an aqueous AP extract at different concentrations (50, 100, and
200 µg/mL) had an effect on the proliferation, adherence, metabolism, viability, cell mem-
brane integrity of HUVECs, and parameters playing a role in the process of thrombus
formation.

2. Material and Methods
2.1. Study Design

The in vitro study was performed in a prospective, placebo-controlled design using
primary human umbilical vein endothelial cells (HUVECs). The HUVEC density at baseline
was 3500 (xCELLigence system E-plate) and 15,000 HUVECs/well (24-well format). The
development of a HUVEC monolayer on tissue culture plates (TCPs) was evaluated over
85 h. The study was performed with negative and positive controls (HUVEC lysed with
Triton X-100, West Chester, PA, USA). According to a data-driven sample size estimation,
all experiments were performed in eight independent replicates with two repetitions each.

HUVECs were seeded in well plates in a cell culture medium supplemented with APE
at three different concentrations (50, 100, and 200 µg/mL) [17].

The following cellular parameters were investigated: cell adherence, proliferation,
viability, outer membrane integrity, cell metabolism, cell function, cell–cell contacts, and
stress fibre formation.

The HUVECs were evaluated at least 12 h after APE and cell culture medium sup-
plementation to avoid a misinterpretation of the morphological state of the endothelial
cells [21].

2.2. Endothelial Cells

HUVECs were purchased from Lonza (Basel, Switzerland). The HUVECs were cul-
tivated under static conditions in a standard humidified incubator at 37 ◦C with 5% CO2
supplemented with 100 U/mL penicillin/streptomycin, and 10% foetal calf serum (Thermo
Fisher Scientific, Vienna, Austria; 10270106). Cell experiments were performed using HU-
VECs in passage 4 [22]. The cell culture medium (Lonza, Basel, Switzerland) was changed
every second day.

2.3. Real-Time Measurement of the HUVEC Monolayer Formation

The effect of APE on the proliferation of HUVECs was assessed in real-time by the
xCELLigence system E-plate 16 (ACEA Biosciences, Inc., San Diego, CA, USA) for 85 h at
10 min intervals. Details of the methods have already been published formerly [17].

The xCELLigence system consists of a plate station with E-plates in a 96-well-plate
format and software for automatic and real-time data acquisition and display. The system
measures electrical impedance across micro-electrodes integrated on the bottom of tissue
culture E-plates. It allows one to monitor changes in the adherence, spreading, and prolifer-
ation of HUVECs in real-time based on the measured cell–electrode impedance [23]. From
these data, a parameter termed “cell index (CI)” can be calculated as follows:

CI =
max

i = 1, . . . , N

[ (
Rcell( f i)

Rb( f i)
− 1

)]
where Rb(f ) and Rcell(f ) are the frequency-dependent electrode resistances (a component
of the impedance) without cells or with cells present, respectively. N is the number of the
frequency points at which the impedance is measured. Thus, cell index (CI) is a quantitative
measure of the status of the cells in an electrode-containing well. The effect of APE in
increasing concentrations (0 µg/mL, 50 µg/mL, 100 µg/mL, and 200 µg/mL) on the CI
was measured.
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2.4. Fabrication of APE

AP bacteria were obtained from the “The Culture Collection of Algae at the Göttingen
University” (strain: SAG21.99) and cultured in a polyethylene flat-type (2 cm) bioreactor.
The growth medium (Zarrouk medium [24]) was initially sterilised at 121 ◦C in an HV-50
autoclave (SYSMEX VX-95, Sysmex, Norderstedt, Germany) for 15 min.

The resulting AP powder was stirred overnight in a sterile 0.9% NaCl solution (B.Braun,
Melsungen, Germany) at room temperature (10 mg/mL). The extracts were then centrifuged
at 3400× g for 5 min, followed by filtration through 0.4 and 0.22 µm filters (TPP). The
extracts were stored at 4 ◦C until further processing.

2.5. Analysis of Cell Viability and Cell Density

Cell viability was analysed using fluorescein diacetate (FDA, 25 µg/mL Invitrogen,
Carlsbad, CA, USA) and propidium iodide (PI, 2 µg/mL, Sigma, Taufkirchen, Germany).
FDA stained vital cells in green, PI stained dead cell in red. Subsequently, three pictures per
sample were taken in 10-fold primary magnifications (DMIL LED, Leica, Wetzlar, Germany).
The HUVECs were stained 48 h and 85 h after cell seeding. The cell density was determined
by cell counting three microscopic images per sample.

2.6. Analysis of Cell Metabolism

The metabolic activity of the HUVECs was investigated using an MTS assay (Cell
Proliferation Assay, Promega, Madison, WI, USA). In this assay, cytosolic NADH-dependent
dehydrogenases of metabolically active cells reduce the tetrazol group of added components
to formazan. The amount of formazan is correlated with the number of viable cells.

2.7. Cell Membrane Integrity

Cell membrane integrity was analysed using an LDH-Cytotoxicity Assay Kit II ©
(BioVision Inc., Milpitas, CA, USA). The release of intracellular lactate dehydrogenase in
the cell culture supernatant was measured two and four days after cell seeding.

2.8. Secretion Profile Screening

The release of Prostacyclin (PGl2) and Thromboxane A2 (TXA2) was measured as a sign
of HUVEC function two and four days after cell seeding using ELISA. The concentrations of
PGl2 and TXA2 were detected in the cell culture supernatant using the 6-keto Prostaglandin
F1α EIA Kit (Cayman Chemicals, Hamburg, Germany) and theTXA2 Kit (Cloude-Clone
Corp., Houston, TX, USA).

2.9. Staining of Cell–Cell and Cell–Substrate Contacts

Two and four days after cell seeding on glass coverslips, the HUVECs were washed
with Phosphate-Buffered Saline, containing magnesium and calcium (PBS+/+; Biochrom
GmbH, Berlin, Germany). Subsequently, the HUVECs were incubated with a 4% parafor-
maldehyde solution (C.Roth, Karlsruhe, Germany) followed by washing with PBS without
magnesium and calcium (PBS−/−; Sigma Aldrich, St. Louis, MO, USA). For cell permeabil-
isation, the HUVECs were incubated with 0.25% Triton X-100 solution (VWR, Darmstadt,
Germany) followed by blocking of unspecific binding sites with BSA solution (3% in
PBS−/−, Biochrom GmbH, Berlin, Germany). vWF was stained using vWF polyclonal
rabbit primary antibodies (1:500 in PBS, Thermo Fisher Scientific, Waltham, MA, USA), VE-
cadherin was stained using anti-VE-cadherin rabbit antibodies (1:60 in PBS, Bejing, China),
and vinculin was stained using vinculin mouse monoclonal antibodies (1:100 in PBS, Invit-
rogen, Carlsbad, CA, USA). After an incubation of 1.5 h, the HUVECs were washed with
PBS. Thereafter, the cells were incubated with a Phalloidin-iFluor 488 reagent (1:500 in PBS
with BSA, Abcam, Cambridge, UK) to stain cell cytoskeletons, anti-rabbit Alexa Fluor 555
(1:1000, Invitrogen, Carlsbad, CA, USA), and anti-mouse Alexa Fluor 488 (1:1000, Invitro-
gen, Carlsbad, CA, USA), followed by nuclei staining using 4‘,6-diamidino-2-phenylindole
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(DAPI, Roth, Karlsruhe, Germany). Finally, fixated HUVECs were washed with PBS and
embedded using ProLong™ Gold Antifade Mountant (Invitrogen, Carlsbad, CA, USA).

2.10. Statistical Analysis

With the data of a previous pilot study [17], a sample size estimation was performed,
and as a result, a sample size of n = 8 experiments was chosen for all experiments. The
confirmatory aim parameter was the HUVEC density. Gaussian distribution was checked
using the Kolmogorov–Smirnov test.

Mean values with standard deviations are given for all samples. Statistical analysis
was performed using a one-way anova. Differences of p < 0.05 were considered significant.

3. Results
3.1. Effect of Arthrospira on the Number of Adherent HUVECs

Figure 2 shows the densities of the HUVECs [1/cm2] 48 h and 85 h after seeding
in 24-well plates. The endothelial cells reacted very differently to the addition of APE
depending on the concentration of the extract.
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Figure 2. HUVEC densities (1/per cm2) 48 h and 85 h after seeding. The mean values with standard
deviation over n = 8 independent tests are shown. p values: * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001.

Compared to the control cells (46,720.0 ± 6473.9), there was a significant increase in
endothelial cells 85 h after the addition of APE at 50 µg/mL (62,428.3 ± 4035.8) and at
100 µg/mL (70,931.1 ± 4850.2). In contrast, the addition of 200 µg/mL did not affect the
number of adherent HUVECs (48,519.6 ± 7348.7).

Figure 2 clearly shows that the addition of 100 µg/mL APE resulted in a significant
increase in the HUVEC density already after 48 h (25%) and even more so after 85 h (52%)
of culturing compared to that in the control cells.

The significantly higher HUVEC density compared to that in the control culture is
depicted in Figure 3.

In addition, the growth of the endothelial cell monolayer was analysed using a contin-
uous method (cell index measurement by the real-time xCELLigence system [23]). As an
example, the course of monolayer growth for the addition of 100 µg/mL APE is shown in
Figure 4.
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Figure 4. Continuous detection of the HUVEC monolayer for the addition of 100 µg/mL APE to the
culture medium using the xCelligence system, n = 8 each.

While the addition of APE at a concentration of 50 µg/mL caused no change in
monolayer growth compared to that in the control cells (p = 0.60), the cell index was
significantly increased by 22% 85 h after the addition of 100 µg/mL of APE compared to
that in the control cells (p = 0.0054). In contrast, the cell index decreased by 14% after the
addition of 200 µg/mL (see Table 2).

Table 1. Cell indices (CIs) for the three placebo-controlled test series using the xCelligence system.
Statistical analysis was performed using t-test.

Tests CI after 85 h (Mean ±
Standard Deviation) p

Test series 1, n = 8

HUVECs + culture medium 3.9 ± 0.2

HUVECs + APE 50 µg/mL + culture medium 3.8 ± 0.2 p = 0.6

Test series 2, n = 8

HUVECs + culture medium 3.2 ± 0.2
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Table 2. Cell indices (CIs) for the three placebo-controlled test series using the xCelligence system.
Statistical analysis was performed using t-test.

Tests CI after 85 h (Mean ±
Standard Deviation) p

HUVECs + APE 100 µg/mL + culture medium 3.9 ± 0.3 p = 0.0054

Test series 3, n = 8

HUVECs + culture medium 4.3 ± 0.4

HUVECs + APE 200 µg/mL + culture medium 3.7 ± 0.3 p = 0.0001

The independent continuous experiments on the growth of the endothelial cell mono-
layer confirmed the endothelial experiments of the first series of measurements, in which
the growth of HUVECs was recorded discontinuously after two and four days.

3.2. Effect of Arthrospira on the Viability of Adherent HUVECs

Two days after cell seeding and continuous cultivation in culture medium with APE,
no significant differences in viability between untreated and APE-treated HUVECs could
be detected (Figure 5).
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Figure 5. Viability of HUVECs [%] 48 h and 85 h after seeding (dead cells: HUVECs lysed with Triton
X-100, control: untreated HUVECs in culture medium. APE 50: HUVECs in culture medium with
50 µg/mL AP extract. APE-100: HUVECs in culture medium with 100 µg/mL AP extract. APE-200:
HUVECs in culture medium with 200 µg/mL APE. The mean values with standard deviation over
n = 8 independent tests are shown. p values: * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001.

Figure 6 shows representative images of the HUVEC monolayers for the five sets of
experiments versus the control HUVECs. The control cells are presented in phase contrast
microscopy: dead cells are stained in red, and viable cells in green.

Eighty-five hours after cell seeding, a higher number of viable HUVECs cultured with
APE-100 and APE-200 was detected compared to that in the control cells. There were also
significantly more viable HUVECs after the addition of APE-200 than after the addition
of AP 50.
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Figure 6. Representative images of HUVECs. (A) Phase contrast image; (B) dead HUVECs stained
with PI in red, (C) FDA-stained HUVEC monolayer showing viable cells in green; (D) HUVEC mono-
layer supplemented with 50 µg/mL APE; (E) HUVEC monolayer supplemented with 100 µg/mL
APE; (F) HUVEC monolayer supplemented with 200 µg/mL APE. Live (green)/dead (red) staining
was imaged by fluorescence microscopy (10× primary magnification).

The staining with PI showed that only very few dead cells were present. In addition,
the fact that almost exclusively endothelial cells were present in the culture was also of
decisive importance, as the extraction of the endothelial cells from the umbilical cord vein
could introduce other vascular cells into the culture also [25].

3.3. Effect of Arthrospira platensis on the Integrity of the Outer Membrane of HUVECs

To analyse the influence of the possible damage of APE on HUVECs, the integrity of
the outer endothelial cell membrane was examined. The extent of damage was measured by
the release of lactate dehydrogenase (LDH), normally found only in the cytosol, into the cell
culture supernatant. The higher the release, the greater the extent of the cell damage. It was
found that the highest release was measured in the cell culture supernatant of the untreated
control cells. However, the level of LDH release was significantly lower compared to that
in the positive control (lysed cells: HUVECs showing maximum LDH release) (Figure 7).
Therefore, two days after cell seeding, no cell damage caused by the addition of the APE
was detected. Interestingly, the lowest LDH release also occurred in HUVECs treated
with APE-100.

Four days after cell seeding, LDH release was significantly lower in cell cultures treated
with APE-50 and APE-100 compared to that in the untreated control. Cells cultured with
APE-200 showed no differences compared to the control cells. It can therefore be concluded
that the cultivation of cells with APE does not have a negative effect on the integrity of the
cell membrane and does not induce cell damage in the concentration range investigated.
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Figure 7. Extracellular lactate dehydrogenase (LDH) activity of HUVECs as an indicator of membrane
integrity two and four days after cell seeding. Lysed HUVEC/positive control: HUVECs lysed with
Triton X-100. Untreated control/negative control: HUVECs in culture medium. APE-50: HUVECs in
culture medium with 50 µg/mL APE. AP-100: HUVECs in culture medium with 100 µg/mL APE
extract. AP200: HUVECs in culture medium with 200 µg/mL APE extract. The mean values with
standard deviation over n = 8 independent tests are shown. p values: ** = p ≤ 0.01, **** = p ≤ 0.0001.

3.4. Arthrospira Induced a Concentration-Dependent Decrease in Metabolic Activity in HUVECs

The metabolic activity of the untreated HUVECs was determined by the MTS assay
and taken as 100%. The absorbance values obtained for the APE-treated cells were then
normalised to this value.

Forty-eight hours after cell seeding, the metabolic activity of all the APE-treated
HUVECs was significantly higher than 100% and thus above that of the untreated control
cells. A significantly increased metabolic activity was observed in cells cultured with
100 µg/mL APE compared to 50 and 200 µg/mL APE (Figure 8).
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Figure 8. Metabolic activity of HUVECs two and four days after cell seeding. Positive control:
HUVECs lysed with Triton X-100. APE-50: HUVECs in culture medium with 50 µg/mL APE.
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APE-100: HUVECs in culture medium with 100 µg/mL APE. APE-200: HUVECs in culture medium
with 200 µg/mL APE. The mean values with standard deviation over n = 8 independent tests are
shown. p values: **** = p ≤ 0.0001.

Eighty-five hours after cell seeding, the metabolic activity of all the APE-treated
cells was still above 100% and thus significantly higher than that of the untreated control.
The highest metabolic activity was again observed in HUVECs cultured with APE-100
(Figure 8).

3.5. Arthrospira Affects the HUVEC Function
3.5.1. Prostacyclin

Prostacyclin is an eicosanoid that regulates the diameter of blood vessels and inhibits
platelet aggregation [26]. It is also considered a functional marker of endothelial cells.
Excessive release of prostacyclin is considered as a sign of excessive stress on endothelial
cells and is referred to as perturbation. Prostacyclin secretion after 48 and 85 h is shown
below; the prostacyclin concentration was normalised to the number of HUVECs.

Forty-eight hours after cell seeding, a significantly increased prostacyclin release was
observed in APE-200-treated HUVECs compared to untreated and APE-50- and APE-100-
treated cells (Figure 9).
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Figure 9. Prostacyclin (PGl2)—secretion of HUVECs two and four days after seeding (untreated
control: HUVECs in culture medium; 50 µg/mL APE: HUVECs in culture medium with 50 µg/mL
APE; 100 µg/mL APE: HUVECs in culture medium with 100 µg/mL APE; 200 µg/mL APE200:
HUVECs in culture medium with 200 µg/mL APE. The mean values with standard deviation over
n = 8 independent tests are shown. p values: ** = p ≤ 0.01, **** = p ≤ 0.0001.
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Eighty-five hours after cell seeding, prostacyclin release decreased significantly in
all cells. The significantly lowest release was observed for untreated HUVECs. The
significantly highest release was observed in APE-50-treated HUVECs compared to control
and APE-100-treated cells. HUVECs cultured with APE-100 showed the significantly lowest
prostacyclin release compared to APE-50- and APE-200-treated cells (Figure 9).

3.5.2. Interleukin-6

To investigate the influence of cultivating HUVECs with APE on a possible inflam-
matory activation of the cells, the release of the pro-inflammatory interleukin-6 (IL-6) was
analysed. The IL-6 release was normalised to the respective number of HUVECs.

Forty-eight hours after seeding, the significantly highest IL-6 release was found for
HUVECs treated with APE-200 compared to those of the untreated and APE-100-treated
cells. The lowest release was found in APE-100-treated HUVECs (Figure 10).
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cells to the edge of the cells was observed as an incipient peripheral filament band, as 

described for the development of confluent endothelial cell monolayers. The formation of 

a functionally confluent monolayer with regression of the central stress fibres to the cell 

edge usually takes up to 9 days (Figures 11 and 12).  

Figure 10. Interleukin-6 (IL-6) secretion of HUVECs 48 h and 85 h after cell seeding. Mean values with
standard deviation over n = 8 independent tests are shown. p values: ** = p ≤ 0.01, *** = p ≤ 0.001,
**** = p ≤ 0.0001.

Eighty-five hours after cell seeding, IL-6 release increased in all samples. The lowest
IL-6 release occurred in untreated control cells compared to those in APE-50- and APE-200-
treated cells. The highest release was observed in APE-200-treated HUVECs compared to
that in APE-100-treated and untreated cells. Compared to APE-200- and APE-50-treated
cells, the release of IL-6 by APE-100-treated cells was significantly reduced (Figure 10).

It can therefore be concluded that the release of IL-6 was significantly increased
by culturing the cells in APE-50 and APE-200, whereas culturing the cells in APE-100
was comparable to the release of IL-6 from untreated HUVECs. Thus, there appears to
be a concentration-dependent pro-inflammatory activation of the cells by cultivation in
AP extract.
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3.5.3. Thromboxane

Thromboxane (TXA2) causes an increase in vascular tone and thus a constriction of
the blood vessels as well as an activation and aggregation of platelets.

TXA2 was not detected in the cell culture supernatant of HUVECs cultured with
AP extract.

There are two possible reasons for this finding: TXA2 was not released, or the amount
of TXA2 released was below the detection limit of 15.625 pg/mL of the assay used.

3.5.4. Analysis of Cell–Cell and Cell–Substrate Contacts

Microscopic examination of the cells showed that they were endothelial cells (in this
case, HUVECs), as expected, based on the red staining of von Willebrand factor (Figure 11).
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Figure 11. Representative image of paraformaldehyde-fixated HUVECs in culture medium supple-
mented with 100 µg/mL APE 85 h after seeding (HUVECs were fluorescently stained threefold, the
actin cytoskeleton in green, von Willebrand factor in red, and genomic DNA in blue; scale bar: 50 µm).

Figure 11 shows adherent HUVECs after supplementation of the culture medium with
100 µg/mL APE. Here, a beginning regression of stress fibres from the centre of the cells to
the edge of the cells was observed as an incipient peripheral filament band, as described for
the development of confluent endothelial cell monolayers. The formation of a functionally
confluent monolayer with regression of the central stress fibres to the cell edge usually
takes up to 9 days (Figures 11 and 12).

Vinculin and VE-cadherin were also stained. Vinculin is a typical cell marker that is
primarily responsible for establishing cell–substrate contacts. Therefore, the distribution
and expression of this protein can also be used to infer the attachment of endothelial cells
to the underlying substrate. VE-cadherin (vascular endothelial cadherin) is a protein found
at contact sites between neighbouring endothelial cells. This protein is therefore essential
for the maintenance and control of endothelial cell contacts and thus, among other things,
for the control of vascular permeability and leukocyte extravasation.

Forty-eight or eighty-five hours after cell seeding, all HUVECs (with or without APE)
showed uniform vinculin expression. Thus, the formation of cell–cell and cell–substrate
contacts was unaffected by the addition of APE.
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Figure 12. Representative immunofluorescence images of paraformaldehyde-fixated HUVECs in
culture medium, HUVECs with 50 µg/mL APE, HUVECs with 100 µg/mL APE, and HUVECs with
200 µg/mL APE 85 h after seeding (40× primary magnification). HUVECs were fluorescently stained
threefold: vinculin in green, VE-cadherin in red, and cell nuclei in blue; scale bar: 100 µm.

4. Discussion

The study revealed that APE at a concentration of 100 µg/mL resulted in a significant
increase in adherent HUVECs compared to untreated control cells after 48 h and especially
85 h days of cultivation. Figure 2 clearly shows that the addition of 100 µg/mL APE led to
a significant increase in the density of HUVECs already after 48 h (+25%) and even more
significantly after 85 h (+52%) of culturing. This confirms previous results from a pilot
study [17].

Some of AP’s ingredients are known to possess antioxidant, anti-inflammatory, and an-
tithrombotic properties and can prevent endothelial dysfunction [10–12,27]. In particular, C-
phycocyanin has been proposed to be a major contributor to these beneficial effects [8,28–30].
Consumption of microalga biomass and its derivatives can therefore have a positive effect
on the health of consumers by preventing or reducing diseases [31–34]. It should be noted
that the aqueous extract of AP also may contain other substances, such as γ-linolenic acid,
α-tocopherol, allophycocyanin, phycoerythrin, and other phytochemicals [35,36], which
may also contribute to the effects found in this study.

However, the exact molecular mechanism by which APE achieves the increased
HUVEC density remains unclear. One possible reason could be the supplementation of
cells with iron from APE. Initial studies showed a differential sensitivity of HUVEC to cell-
permeable iron depending on the proliferation status, whereby quiescent endothelial cell



Life 2024, 14, 1253 14 of 19

viability was not affected [37]. There are studies analysing the iron content in APE [38–40].
However, the nature of the iron-binding ligands and in particular the bioavailability of
the metal in Arthrospira are still an open question. Whether and how the iron content in
spirulina influences the proliferation of endothelial cells, at least in part, is currently unclear.

After supplementation of the culture medium with APE, significantly more viable
HUVECs adhered compared to control cells (see Figure 2, nearly no death cells were visible),
the damage to the outer cell membrane was prevented and less LDH was detected in the
culture medium compared to the untreated control, while at the same time the metabolic
activity was increased, hinting at an increased proliferation of the HUVECs.

The activation or perturbation of the endothelial cells, as previously described as a
reaction to altered conditions in the culture milieu [41–45], also occurred here in the first two
days after the addition of APE at concentrations of 50 and 200 µg/mL, but was completely
prevented at a concentration of 100 µg/mL. Endothelial cells—and many other cells—are
involved in the production of IL-6 in response to various stimuli [46,47], e.g., leading to
an activation of the immune system. The pattern of the IL-6 release of HUVECs with
APE cultivation was very similar to that of prostacyclin. Here also, no increase in IL-6
concentration compared to that in control cells occurred for the APE concentration of
100 µg/mL (see Figure 10).

Interestingly, no TXA2 was detected in the cell culture supernatant of HUVECs cul-
tured with APE. Either TXA2 was not released or, more likely, the amount of TXA2 released
was below the detection limit of 15.6–1000.0 pg/mL of the assay used [48], so that the
effects of PGI2—the inhibition of platelet activation, the reduction of the risk of thrombosis,
vasodilatation, and reduction in vascular smooth muscle cell remodelling and cholesterol
uptake [49]—predominated and tipped the balance in favour of prostacyclin, thereby
creating an antithrombotic state.

These release responses consistently indicated that there was no inflammatory re-
sponse of the endothelial cells after adding 100 µg/mL APE to the culture medium.

When interpreting the results, it should be noted that there may be slight differences
depending on the manufacturer of the aqueous AP extract. According to previous experi-
ence, all extracts have an effect on endothelial cells, but to different degrees (see, e.g., [50],
which must be taken into account when comparing with previous studies).

The homeostasis of physiological tissues is characterised by a low proliferative activity,
whereas conditions such as tissue damage induce regeneration and proliferation. HUVECs
can shift from a proliferative to an organised state when the in vitro conditions are changed
from those favouring low-density proliferation to those supporting high-density survival.
Lipps et al. showed that there is a clear correlation between the proliferation state and
endothelial function [51]. This suggests that endothelial functions may be differentially
expressed during states of high proliferation and vice versa. Thus, in the present study, the
reduced synthesis of, e.g., prostacyclin and IL-6 (after 100 µg/mL APE in comparison to
50 or 200 µ/mL APE) could be associated with increased proliferation and thus stronger
growth of the endothelial cell monolayer. A decreased cytokine production due to different
proliferation rates of HUVECs was also discussed in [52].

The anti-inflammatory effect of APE may also contribute to the improvement of
endothelial proliferation. APE has been shown to reduce both TnFα and TGFβ [53,54].
Reduced levels of either TnFα or TGFβ concentration may support the inhibition of adenine
dinucleotide phosphate (NADPH) oxidase activation, providing a potent antioxidant effect
that could prevent the overproduction of reactive oxygen species and thereby counteracting
apoptosis [55,56] and so leading to an increased proliferation. Chu et al. showed that APE
significantly reduced apoptosis [55]. The extract may exert its effect by scavenging the
free radicals [57] or by reducing the oxidative damage to the cells possibly by reducing
the activation of NADPH [Chu]. Both effects could reduce the activation of the apoptotic
pathway [58], which could indirectly contribute to a higher HUVEC density.

In addition, an APE-induced increase in endothelial nitric oxide synthase (eNOS)
expression has been repeatedly reported [59–62]. The subsequent improvement in endothe-
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lial NO production [63] would then induce a stimulation of endothelial proliferation [64].
Other studies have attributed its antioxidant capacity [55,65,66] to its content of phenolic
compounds, such as α-linolenic acid, α-tocopherol, and phycocyanin [8,67].

Forty-eight and eighty-five hours after the cultivation of the HUVECs, immunoflu-
orescence staining was performed. In the first step, the cytoskeleton (actin filaments in
green) was stained, which was responsible for maintaining the cell shape and contact with
the substrate. Secondly, stress fibres were stained, indicating the activation/perturbation of
the HUVECs as well as the adaptation of the HUVECs to the external conditions. Thirdly,
vinculin as a marker for cell–cell contacts was stained. Two or four days after cell seeding,
HUVECs (with or without APE) showed uniform vinculin expression, so that the formation
of cell–cell and cell–substrate contacts appeared to be unaffected by the addition of APE.
However, there was a significantly faster increase in HUVEC density, probably due to
increased HUVEC proliferation, as there were no differences in HUVEC binding to the
substrate. This was also evidenced by the increase in metabolic activity.

An endothelial cell-specific marker was used to definitively characterise HUVECs
(von Willebrand factor (vWF) in red). In HUVECs supplemented with 100 µg/mL, a slight
regression of stress fibres from the centre to the rim of the HUVECs was observed as an in-
cipient peripheral filament band. Such morphological changes in HUVECs were considered
typical for the physiological development of confluent endothelial cell monolayers. The
formation of a functionally confluent monolayer with complete regression of the central
stress fibres to the cell edge usually takes up to 9 days (Figures 11 and 12).

To date, in vivo toxicological studies of APE have not revealed any toxic effects on kid-
ney, liver, the reproductive system, or body physiology during or after the administration
of acute or chronic doses [68–72]. The administration of phycocyanin at the highest doses
(from 0.25 up to 5.0 g/kg body weight (w/w)) did not cause any significant signs of toxicity
or mortality in animals [73]. A United States Pharmacopoeia safety assessment—based
on a PUBMED literature review from 1966 to 2009 and adverse event reports from the
United States Food and Drug Administration (FDA)—from the FDA concluded that AP
has a Class A safety [74]. The World Health Organization recommended that the total daily
consumption of nucleic acids by humans should not exceed 4 g [75], which corresponds to
approximately 100 g of microalgal biomass.

5. Conclusions

In conclusion, an increase in proliferation of in vitro HUVECs was induced by an
aqueous extract of Arthrospira platensis in this prospective, placebo-controlled, sample-size-
estimated study. The highest proliferation was achieved after the addition of 100 µg/mL
APE. This was consistently confirmed by two independent optical experiments in cell
cultures 48 h and 85 h after seeding, as well as by a continuous measuring of the impedance-
based method (xCELLigence) and an indirect method (MTS test). At this concentration,
the activation or dysfunction of HUVECs was completely prevented, as confirmed by
measurements of prostacyclin and interleukin-6 levels.

Since neither cell–cell (VE-cadherin) nor cell–substrate (vinculin) binding was affected
by APE, it is reasonable to assume that the increase in endothelial density was due to the
proliferation of HUVECs.

In summary, it can be stated that an increase in endothelial cell proliferation can be of
great benefit for the regeneration of damaged vessel walls, e.g., after catheter intervention or
surgery, or for the restoration of vessel integrity and thereby to the prevention of thrombotic
events. Increased endothelial cell proliferation can further accelerate wound healing and
contribute to the treatment of ischaemic and chronic vascular diseases.

Author Contributions: Conceptualization, A.K.-G. and F.J.; methodology, K.H., S.W. and S.B.
(Stefanie Bär); validation, O.M. and F.J.; formal analysis, K.H. and A.K.-G.; investigation K.H., A.K.-
G., S.W. and S.B. (Stefanie Bär); writing—original draft preparation, A.K.-G. and F.J.; writing—review
and editing S.B. (Steffen Braune), J.-H.K., C.H.G.J. and O.M.; project administration, A.K.-G. All
authors have read and agreed to the published version of the manuscript.



Life 2024, 14, 1253 16 of 19

Funding: This research was funded by the European Regional Development Fund (EFRE), grant
number 85037730.

Institutional Review Board Statement: not applicable.

Informed Consent Statement: not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: Many thanks to the great work of Olivia Mauger during her years at Fraun-
hofer IAP!

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dri, E.; Lampas, E.; Lazaros, G.; Lazarou, E.; Theofilis, P.; Tsioufis, C.; Tousoulis, D. Inflammatory Mediators of Endothelial

Dysfunction. Life 2023, 13, 1420. [CrossRef] [PubMed]
2. Krüger-Genge, A.; Blocki, A.; Franke, R.P.; Jung, F. Vascular Endothelial Cell Biology: An Update. Int. J. Mol. Sci. 2019, 20, 4411.

[CrossRef] [PubMed]
3. Michiels, C. Endothelial cell functions. J. Cell Physiol. 2003, 196, 430–443. [CrossRef] [PubMed]
4. Moncada, S.; Herman, A.G.; Higgs, E.A.; Vane, J.R. Differential formation of prostacyclin (PGX or PGI2) by layers of the arterial

wall. An explanation for the anti-thrombotic properties of vascular endothelium. Thromb. Res. 1977, 11, 323–344. [CrossRef]
[PubMed]

5. Verhamme, P.; Hoylaerts, M.F. The pivotal role of the endothelium in haemostasis and thrombosis. Acta Clin. Belg. 2006, 61,
213–219. [CrossRef]

6. Ross, R. The pathogenesis of atherosclerosis—An update. N. Engl. J. Med. 1986, 314, 488–500. [CrossRef]
7. Chung, I.; Lip, G.Y. Virchow’s triad revisited: Blood constituents. Pathophysiol. Haemost. Thromb. 2003, 33, 449–454. [CrossRef]
8. Jung, F.; Braune, S.; Jung, C.H.G.; Kruger-Genge, A.; Waldeck, P.; Petrick, I.; Kupper, J.H. Lipophilic and Hydrophilic Compounds

from Arthrospira platensis and Its Effects on Tissue and Blood Cells—An Overview. Life 2022, 12, 1497. [CrossRef]
9. Gentscheva, G.; Nikolova, K.; Panayotova, V.; Peycheva, K.; Makedonski, L.; Slavov, P.; Radusheva, P.; Petrova, P.; Yotkovska, I.

Application of Arthrospira platensis for Medicinal Purposes and the Food Industry: A Review of the Literature. Life 2023, 13, 845.
[CrossRef]

10. Vide, J.; Virsolvy, A.; Romain, C.; Ramos, J.; Jouy, N.; Richard, S.; Cristol, J.P.; Gaillet, S.; Rouanet, J.M. Dietary silicon-enriched
spirulina improves early atherosclerosis markers in hamsters on a high-fat diet. Nutrition 2015, 31, 1148–1154. [CrossRef]

11. Braune, S.; Krüger-Genge, A.; Köhler, S.; Küpper, J.-H.; Jung, F. Effects of Arthrospira platensis-derived substances on blood cells.
Clin. Hemorheol. Microcirc. 2023, 85, 1–7.

12. Nikolova, K.; Gentscheva, G.; Gyurova, D.; Pavlova, V.; Dincheva, I.; Velikova, M.; Gerasimova, A.; Makedonski, L.; Gergov,
G. Metabolomic Profile of Arthrospira platensis from a Bulgarian Bioreactor—A Potential Opportunity for Inclusion in Dietary
Supplements. Life 2024, 14, 174. [CrossRef] [PubMed]

13. Kiran, B.R.; Venkata Mohan, S. Microalgal cell biofactory—Therapeutic, nutraceutical and functional food applications. Plants
2021, 10, 836. [CrossRef] [PubMed]

14. Jung, C.; Nghinaunye, T.; Waldeck, P.; Braune, S.; Petrick, I.; Küpper, J.-H.; Jung, F. Decarbonization of Arthrospira platensis
production by using atmospheric CO2 as an exclusive carbon source: Proof of principle. Int. J. Environ. Sci. Technol. 2024, 21,
4635–4644. [CrossRef]

15. Ciferri, O. Spirulina, the edible microorganism. Microbiol. Rev. 1983, 47, 551–578. [CrossRef]
16. Jung, F.; Krüger-Genge, A.; Köhler, S.; Mrowietz, C.; Küpper, J.H.; Braune, S. Effects of Arthrospira platensis-derived phycocyanin

on blood cells. Clin. Hemorheol. Microcirc. 2023, 85, 315–321. [CrossRef]
17. Krüger-Genge, A.; Steinbrecht, S.; Jung, C.; Westphal, S.; Klöpzig, S.; Waldeck, P.; Küpper, J.-H.; Storsberg, J.; Jung, F. Arthrospira

platensis accelerates the formation of an endothelial cell monolayer and protects against endothelial cell detachment after bacterial
contamination. Clin. Hemorheol. Microcirc. 2021, 78, 151–161. [CrossRef]

18. DiNicolantonio, J.J.; Barroso-Aranda, J. Harnessing adenosine A2A receptors as a strategy for suppressing the lung inflammation
and thrombotic complications of COVID-19: Potential of pentoxifylline and dipyridamole. Med. Hypotheses 2020, 143, 110051.
[CrossRef]

19. Frazzini, S.; Scaglia, E.; Dell’Anno, M.; Reggi, S.; Panseri, S.; Giromini, C.; Lanzoni, D.; Sgoifo Rossi, C.A.; Rossi, L. Antioxidant
and Antimicrobial Activity of Algal and Cyanobacterial Extracts: An In Vitro Study. Antioxidants 2022, 11, 992. [CrossRef]

20. Ferreira, A.O.; Polonini, H.C.; Dijkers, E.C.F. Postulated Adjuvant Therapeutic Strategies for COVID-19. J. Pers. Med. 2020, 10, 80.
[CrossRef]

21. Krüger-Genge, A.; Fuhrmann, R.; Jung, F.; Franke, R.-P. Morphology of primary human venous endothelial cell cultures before
and after culture medium exchange. Clin. Hemorheol. Microcirc. 2015, 61, 151–156. [CrossRef] [PubMed]

22. Krüger, A.; Fuhrmann, R.; Jung, F.; Franke, R. Influence of the coating with extracellular matrix and the number of cell passages
on the endothelialization of a polystyrene surface. Clin. Hemorheol. Microcirc. 2015, 60, 153–161. [CrossRef] [PubMed]

https://doi.org/10.3390/life13061420
https://www.ncbi.nlm.nih.gov/pubmed/37374202
https://doi.org/10.3390/ijms20184411
https://www.ncbi.nlm.nih.gov/pubmed/31500313
https://doi.org/10.1002/jcp.10333
https://www.ncbi.nlm.nih.gov/pubmed/12891700
https://doi.org/10.1016/0049-3848(77)90185-2
https://www.ncbi.nlm.nih.gov/pubmed/335560
https://doi.org/10.1179/acb.2006.036
https://doi.org/10.1056/NEJM198602203140806
https://doi.org/10.1159/000083844
https://doi.org/10.3390/life12101497
https://doi.org/10.3390/life13030845
https://doi.org/10.1016/j.nut.2015.03.014
https://doi.org/10.3390/life14020174
https://www.ncbi.nlm.nih.gov/pubmed/38398682
https://doi.org/10.3390/plants10050836
https://www.ncbi.nlm.nih.gov/pubmed/33919450
https://doi.org/10.1007/s13762-023-05215-x
https://doi.org/10.1128/mr.47.4.551-578.1983
https://doi.org/10.3233/CH-229103
https://doi.org/10.3233/CH-201096
https://doi.org/10.1016/j.mehy.2020.110051
https://doi.org/10.3390/antiox11050992
https://doi.org/10.3390/jpm10030080
https://doi.org/10.3233/CH-151992
https://www.ncbi.nlm.nih.gov/pubmed/26410871
https://doi.org/10.3233/CH-151943
https://www.ncbi.nlm.nih.gov/pubmed/25881754


Life 2024, 14, 1253 17 of 19

23. Ke, N.; Wang, X.; Xu, X.; Abassi, Y.A. The xCELLigence system for real-time and label-free monitoring of cell viability. In
Mammalian Cell Viability: Methods and Protocols; Humana Press: Totowa, NJ, USA, 2011; pp. 33–43.

24. Zarrouk, C. Contribution à L’étude d’une Cyanophycée. Ph.D. Thesis, University of Paris, Paris, France, 1966.
25. Franke, R.-P.; Gräfe, M.; Schnittler, H.; Seiffge, D.; Mittermayer, C.; Drenckhahn, D. Induction of human vascular endothelial

stress fibres by fluid shear stress. Nature 1984, 307, 648–649. [CrossRef] [PubMed]
26. Braune, S.; Küpper, J.H.; Jung, F. Effect of Prostanoids on Human Platelet Function: An Overview. Int. J. Mol. Sci. 2020, 21, 9020.

[CrossRef] [PubMed]
27. Kulshreshtha, A.; Zacharia, A.J.; Jarouliya, U.; Bhadauriya, P.; Prasad, G.B.; Bisen, P.S. Spirulina in health care management. Curr.

Pharm. Biotechnol. 2008, 9, 400–405. [CrossRef]
28. Bhat, V.B.; Madyastha, K. Scavenging of peroxynitrite by phycocyanin and phycocyanobilin from Spirulina platensis: Protection

against oxidative damage to DNA. Biochem. Biophys. Res. Commun. 2001, 285, 262–266. [CrossRef]
29. Nagaoka, S.; Shimizu, K.; Kaneko, H.; Shibayama, F.; Morikawa, K.; Kanamaru, Y.; Otsuka, A.; Hirahashi, T.; Kato, T. A novel

protein C-phycocyanin plays a crucial role in the hypocholesterolemic action of Spirulina platensis concentrate in rats. J. Nutr.
2005, 135, 2425–2430. [CrossRef]

30. Riss, J.; Décordé, K.; Sutra, T.; Delage, M.; Baccou, J.-C.; Jouy, N.; Brune, J.-P.; Oréal, H.; Cristol, J.-P.; Rouanet, J.-M. Phycobiliprotein
C-phycocyanin from Spirulina platensis is powerfully responsible for reducing oxidative stress and NADPH oxidase expression
induced by an atherogenic diet in hamsters. J. Agric. Food Chem. 2007, 55, 7962–7967. [CrossRef]

31. Matos, Â.P. The impact of microalgae in food science and technology. J. Am. Oil Chem. Soc. 2017, 94, 1333–1350. [CrossRef]
32. Balasubramaniam, V.; Gunasegavan, R.D.-N.; Mustar, S.; Lee, J.C.; Mohd Noh, M.F. Isolation of industrial important bioactive

compounds from microalgae. Molecules 2021, 26, 943. [CrossRef]
33. Niccolai, A.; Venturi, M.; Galli, V.; Pini, N.; Rodolfi, L.; Biondi, N.; D’Ottavio, M.; Batista, A.P.; Raymundo, A.; Granchi, L.

Development of new microalgae-based sourdough “crostini”: Functional effects of Arthrospira platensis (spirulina) addition. Sci.
Rep. 2019, 9, 19433. [CrossRef] [PubMed]

34. Prete, V.; Abate, A.C.; Di Pietro, P.; De Lucia, M.; Vecchione, C.; Carrizzo, A. Beneficial Effects of Spirulina Supplementation in the
Management of Cardiovascular Diseases. Nutrients 2024, 16, 642. [CrossRef] [PubMed]

35. Dartsch, P.C. Antioxidant potential of selected Spirulina platensis preparations. Phytother. Res. Int. J. Devoted Pharmacol. Toxicol.
Eval. Nat. Prod. Deriv. 2008, 22, 627–633. [CrossRef] [PubMed]

36. Liao, G.; Gao, B.; Gao, Y.; Yang, X.; Cheng, X.; Ou, Y. Phycocyanin inhibits tumorigenic potential of pancreatic cancer cells: Role of
apoptosis and autophagy. Sci. Rep. 2016, 6, 34564. [CrossRef]

37. Kir, D.; Saluja, M.; Modi, S.; Venkatachalam, A.; Schnettler, E.; Roy, S.; Ramakrishnan, S. Cell-permeable iron inhibits vascular
endothelial growth factor receptor-2 signaling and tumor angiogenesis. Oncotarget 2016, 7, 65348–65363. [CrossRef]

38. Principe, M.V.; Permigiani, I.S.; Della Vedova, M.C.; Petenatti, E.M.; Pacheco, P.H.; Gil, R.A. Bioaccessibility studies of Fe, Cu and
Zn from Spirulina dietary supplements with different excipient composition and dosage form. J. Pharm. Pharmacogn. Res. 2020, 8,
422–433. [CrossRef]
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