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Background: Sepsis is a leading cause of morbidity and mortality worldwide. Many 
patients suffering from sepsis are treated on intensive care units and many of them require 
mechanical ventilation under sedation or general anesthesia. Propofol, a drug used for these 
purposes, is known to interact with polymorphonuclear granulocytes (PMNs). Therefore, the 
aim of this study was to investigate the influence of propofol on PMN functions after 
experimental Gram-negative induced sepsis using lipopolysaccharide (LPS) stimulation.
Methods: A total of 34 granulocyte-enriched samples were collected from healthy subjects. 
PMNs were isolated by density gradient centrifugation and incubated simultaneously with 
either 6 µg/mL or 60 µg/mL propofol, or none (control). Additionally, the experimental 
sepsis samples were incubated with either 40 pg/mL or 400 pg/mL LPS. Live cell imaging 
was conducted in order to observe granulocyte chemotactic migration, ROS production, and 
NETosis. Flow cytometry was used to analyze viability and antigen expression.
Results: Propofol led to significantly reduced PMN track length (p < 0.001) and track speed 
(p < 0.014) after LPS-induced sepsis in a dose-dependent manner. NETosis (p = 0.018) and 
ROS production (p = 0.039) were accelerated by propofol without LPS incubation, indicating 
improved immune function. Propofol also ameliorated LPS-induced increased NETosis and 
ROS-production. Antigen expression for CD11b, CD62l and CD66b was unaffected by 
propofol.
Conclusion: Propofol improves LPS-induced exaggerated PMN activation in an ex vivo 
model. Beneficial effects due to restored immune function in septic patients might be 
possible, but needs further investigation.
Keywords: polymorphonuclear neutrophils, sepsis, propofol, immune modulation, LPS

Introduction
Sepsis is a life-threatening organ dysfunction caused by a dysregulated host 
response to infection.1 Despite its unknown true incidence,2 sepsis is one of the 
leading causes of morbidity, death, long-term impairment, and functional disability 
worldwide.3–5 Many patients suffering from sepsis require intensive care treatment, 
and a high percentage of them need mechanical ventilation due to respiratory 
failure.6

Mechanical ventilation is bearable only under sedation or general anesthesia. 
One agent used for this purpose is the drug propofol (2,6-diisopropylphenol). 
Propofol was discovered in 19737 and was officially approved for human use in 
Great Britain in 1986, in Germany in 1988, and received FDA approval in 1989.8 

The potential to use propofol for continuous application was also discovered at 
an early stage of research and has been used ever since.9 This drug exerts its 

Correspondence: Michael Gruber  
Department of Anesthesiology, University 
Medical Center Regensburg, Franz-Josef- 
Strauß-Allee 11, Regensburg, 93053, 
Germany  
Tel +49 941-944-17870  
Fax +49 941-944-7802  
Email michael.gruber@ukr.de

Journal of Inflammation Research 2021:14 3849–3862                                                     3849
© 2021 Bredthauer et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 3 April 2021
Accepted: 17 June 2021
Published: 11 August 2021

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-5779-7714
http://orcid.org/0000-0002-5509-9760
http://orcid.org/0000-0001-6486-8106
http://orcid.org/0000-0002-9430-6208
http://orcid.org/0000-0002-3080-9957
http://orcid.org/0000-0003-3007-5639
http://orcid.org/0000-0002-6380-8520
mailto:michael.gruber@ukr.de
http://www.dovepress.com/permissions.php
https://www.dovepress.com


effects mainly through interaction with gamma-amino- 
butyric-acid (GABA) and N-methyl-D-aspartate 
(NMDA) receptors, and modulation of neuronal calcium 
and sodium channels.10 As PMNs express the voltage 
gated sodium channel 1.3 (Nav1.3) this is of great 
importance as this channel is involved and regulates 
PMN adhesion, transmigration, and chemotaxis.11 

Furthermore, several non-anesthetic properties are inher
ent in propofol, such as antioxidant, immunomodulatory, 
analgesic, antiemetic and neuroprotective effects.10,12 

Additionally, propofol has anti-inflammatory effects due 
to its inhibition of the formyl peptide receptor 1 
(FPR1).13

Lipopolysaccharide (LPS) is a substance found in the 
outer membrane of Gram-negative bacteria (GNB), such as 
E. coli and Pseudomonas aeruginosa, and is composed of 
three subunits: a hydrophilic polysaccharide, an O antigen, 
and the hydrophobic domain lipid A.14 Lipid A is responsible 
for the high endotoxin activity of GNB, as it binds to Toll-like 
receptor 4 (TLR4) expressed by cells of the innate immune 
system, eg polymorphonuclear granulocytes (PMNs), result
ing in the activation and subsequent expression and release of 
cytokines, chemokines and interferons.15,16 The extent of the 
immune response depends on the severity of the infection and 
LPS structure, and as this is variable among GNB, the result 
is different virulence. For example, bacteria such as E. coli 
induce an immune response while other GNB, like 
Helicobacter pylori, are only weakly antigenic.17

As the body’s first line of defense, PMNs play a pivotal 
role in protecting the body from infection by killing bac
teria and fungi. On the other hand, continuous PMN infil
tration of infection sites and PMN activation result in 
exaggerated cytokine and chemokine production, which 
might lead to a “cytokine storm” worsening the septic 
inflammatory state of the immune system.18,19 Therefore, 
a well-balanced PMN response is wanted during infec
tions, and propofol is one amongst many drugs used for 
intensive care treatment which affect PMN functions.10,12

Thus, the aim of this study was to investigate the 
impact of propofol on the function of isolated granulocytes 
after experimental induction of Gram-negative sepsis. The 
study was conducted by performing in vitro assays for 
a comparative and time-resolved analysis of granulocyte 
chemotactic migration capacity, reactive oxygen species 
(ROS) production, neutrophil extracellular trap formation 
(NETosis), time-dependent viability, and expression of 
adhesion and activation antigens.

Materials and Methods
Granulocyte Preparation
The experimental setup was based on previous studies of 
ours.20–24 In brief, whole blood was drawn from 34 healthy 
blood donors (Table 1) with their informed consent and as 
approved by the University of Regensburg’s ethics commit
tee (File number 18-1210-10) and was conducted in accor
dance with the Declaration of Helsinki. This blood was then 
anticoagulated using lithium heparin. In accordance with the 
manufacturer’s instructions, PMNs were isolated by density 
gradient centrifugation (756 g) at an ambient temperature of 
21°C for 20 minutes with Lympho Spin Medium on top of 
Leuko Spin Medium (pluriSelect Life Science, Leipzig, 
Germany) Purity of PMNs was checked by flow cytometry 
(n = 3; 54.7±8.4%). After two washing steps, PMNs were 
resuspended in RPMI 1640 with 2 mM glutamine, (P04- 
16516; Pan-Biotech, Aidenbach, Germany) made up with 
10% fetal calf serum (FCS, Sigma-Aldrich, Steinheim, 
Germany) to a cell concentration of 18 million per milliliter. 
The viability (> 97.6%) of the PMNs is unharmed by the 
procedure as described earlier.22

Parallel samples of cells from a single donor were incu
bated at 37°C for 30 minutes with either 0.39% dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, Steinheim, Germany) ser
ving as control, 6 µg/mL of propofol (Alfa Aesar, Karlsruhe, 
Germany) dissolved in 0.39% DMSO, or 60 µg/mL of pro
pofol dissolved in 0.39% DMSO. For the experiments with 
artificial Gram-negative sepsis, the granulocytes aliquots were 
also incubated in parallel for 30 minutes as described above, 
as well as with either 40 pg/mL or 400 pg/mL LPS (from 
Escherichia coli, L2880, Thermo Fisher, Waltham, USA).

Microscopy and Live Cell Imaging
The cells were examined in temporal resolution by light 
and fluorescence microscopy over 7 hours. Each of the 
3D-µ-slides (ibidi© GmbH, Martinsried, Germany) used 
for chemotactic assays consisted of three separate channels 
with two reservoirs bordering each channel. In accordance 

Table 1 Characteristics of the Study Population. Data are 
Expressed as Mean Values (Range)

Number of Blood Donors 34

Sex of the blood donors 21 female, 13 males
Age (years) 29 (21–59)

Body height (cm) 172 (158–196)

Body weight (kg) 66 (50–101)
Body mass index 22.2 (17.9–28.1)
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with the manufacturer’s instructions, the cells were 
embedded in collagen gel (1.5 mg/mL PureCol, 
Advanced BioMatrix, Carlsbad, USA) and followed by 
fluorescent stains. This cell-enriched gel matrix (3000 
PMNs/µL) was filled into the µ-slide channels and incu
bated under constant humid conditions at 37°C and 5% 
CO2. The chemoattractant (CA) N-formyl-met-leu-phe (10 
nM fMLP, Sigma Aldrich, St. Louis, USA) was introduced 
to the left reservoir of each channel immediately before 
microscopy to create a linear gradient provoking chemo
tactic PMN movement. To visualize intracellular ROS 
production, 1 µM dihydrorhodamine-123 (DHR-123, 
Molecular Probes Inc., Eugene, USA) was used to detect 
its fluorescent product, rhodamine-123. Utilizing the 
NETosis-associated release of extracellular DNA, NET 
formation was visualized with 0.5 µg/mL 4’,6-diamidin- 
2-phenylindole (DAPI, Sigma Aldrich, Steinheim, 
Germany). The NETosis associated release of myeloper
oxidase (MPO) was detected by APC-conjugated MPO 
antibodies REA491 (Miltenyi Biotec, Bergisch Gladbach, 
Germany)

A Leica DMi8 microscope with a motorized adjustable 
microscope stage, a Leica DFC9000 camera and a pE- 
4000 light source (CoolLED, NY, USA) were used for 
live cell imaging. Leica Application Suite X software (ver
sion 3.4.2.18368; all Leica equipment from Leica 
Microsystems, Wetzlar, Germany) automatically recorded 
phase contrast images and both fluorescence images (in 
total 9 frames per cycle). The turnaround time was 35 ± 2 
seconds over a time span of 7 hours. Stable test conditions 
were maintained in all assays using a stage top incubator 
(ibidi).

Image Data Analysis
Image sequences obtained consisting of 2700 frames per 
µ-slide were analyzed using Imaris software (version 
9.0.3, bitplane, Zurich, Switzerland). Cell migration 
was analyzed in 30-minute periods and was detected up 
to 3 hours after cell-gel contact, whereby phase contrast 
images provided the basis this migratory analysis. Cell- 
gel contact occurred approximately 45 minutes before 
drug exposure and 50 minutes before the beginning of 
microscopic evaluation. Imaris recognized the cells that 
matched the selected criteria, and determined spots and 
calculated tracks for every moving cell. The resulting 
data included the following parameters: track displace
ment length (TDL, Euclidean track: in total as well as 
subdivided into x- and y-directed movement), track 

straightness (Str: fraction of Euclidean track length and 
total track length epitomizing the cell’s directness with 
a maximum of 1 for linear movement), mean track speed 
(TSM), and track length (TL: accumulated track). To 
exclude passive cells and reduce artefacts due to spots 
on non-PMN, tracks under 25 µm TL and movement 
under a duration of 800 seconds were excluded.

ROS production, NETosis and MPO release were quan
tified by detecting the fluorescent area and processing the 
total surface area per time point. ROS production and 
NETosis of these PMN functions were visualized in Excel 
(Microsoft Excel 2016) and showed characteristic graphs, 
with a parabolic curve for ROS production and a sigmoidal 
curve for NETosis. To analyze ROS production, maximal 
intracellular ROS time (TmaxROS) was calculated by creat
ing and fitting a third degree polynomial trendline to the 
graph and extracting the matching equation. To calculate the 
time points of half maximal NETosis (ET50NET) and half 
maximal MPO release (ET50MPO), the data were processed 
using Phoenix 64 version 8.0.0 (Certara, New York, USA) to 
fit Michaelis-Menten-like equations to the data.

Flow Cytometry
In addition to live cell imaging an aliquot of the cells was 
observed using flow cytometry (FACSCalibur) in combi
nation with CellQuest Pro software version 5.2 (both from 
BD Biosciences, San Jose, USA). All analyses were per
formed using FlowJo software version 10.0.7 (FlowJo 
LLC, Ashland, OR, USA). The methods used included 
observing ROS production by measuring oxidative burst 
and detecting cell-surface antigens CD11b, CD62L and 
CD66b. A detailed description is given in.25,26

For oxidative burst, cells were preincubated in 1 mL 
Dulbecco’s phosphate buffered saline (DPBS, Sigma 
Aldrich, Steinheim, Germany), 10 µL DHR 123 (10 µM), 
and 10 µL seminaphtharhodafluor (SNARF, 10 µM, 
Invitrogen, Eugene, USA). Oxidative burst was then trig
gered by adding either 10 µL fMLP (10 µM) and 10 µL 
tumor necrosis factor alpha (TNF, 1 µg/mL, Pepro Tech Inc., 
Rocky Hill, USA), or 10 µL phorbol-12-myristate-13- 
acetate (PMA; 10 µM, Sigma-Aldrich). Simultaneously, 
a concentration of the study drugs identical to that used for 
the live cell imaging samples was made up simultaneously. 
To assess cell vitality, 5 µL propidium iodide (PI, 1.5 mM, 
Invitrogen, Eugene, USA) were added.

To detect cell-surface antigen expression, the antibo
dies mentioned above and labelled either phycoerythrin 
(PE, CD11b ICRF44), fluorescein isothiocyanate (FITC, 
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CD62L DREG-56), or allophycocyanin (APC, CD66b 
G10F5, all BioLegend) were used. Results are given as 
median-fluorescence-intensities (MFI).

Statistical Analysis
Data from live cell imaging and flow cytometry were collected 
in Excel (Microsoft Excel 2016), and SPSS Statistics version 
25 (IBM Corp., Armonk, NY, USA) was used for further 
statistical analyses. Initially, normal distribution was tested 
with the Kolmogorov–Smirnov test. Based on a non-normal 
distribution, a Kruskal–Wallis one-way analysis of variance 
(ANOVA) was used to compare the groups. Bonferroni cor
rection was used in post hoc analysis and p-values below 0.05 
were considered statistically significant. The distribution of 
results is visualized with boxplots displaying median, lower, 
and upper quartile, and calculated minima and maxima. 
Statistical outliers (≥1.5*IQR) are represented as circles, and 
extreme values (≥3*IQR) are depicted as asterisks.

Results
Track Length (TL) without LPS
In all time frames observed there were significant differ
ences in the median TL of the PMNs incubated with 
a propofol concentration of either 6 µg/mL or 60 µg/mL 
compared to the median TL of the control group. In the 31 
to 60 minute time frame (31–60 min) there was 

a significant difference between the TL of the 6 µg/mL 
and the 60 µg/mL propofol concentrations (p = 0.011). In 
the other time frames, there were significant differences (p 
< 0.001) between the control group and the 6 µg/mL and 
60 µg/mL propofol concentrations, respectively.

As displayed in Figure 1, incubation with propofol 
leads to a concentration-dependent decrease in the median 
TL compared to the control group. This is consistent for 
all time frames.

Within the first hour, the median TL of the control 
group had decreased by 23% (Table 2 columns with 0 
pg/mL LPS). After incubation with 6 µg/mL propofol, 
the median TL decreased by 61% from the 0 to 30- 
minute (0–30 min) to the 31–60 min time frames. The 
same effect was observed using a 10-fold higher concen
tration of propofol (62%, p < 0.001).

Track Displacement Length (TDL) 
without LPS
The median TDL within the time frames and dependent on 
propofol concentration are listed in Table 3 (columns with 
0 pg/mL LPS). The median TDL of the PMNs which were 
incubated with 60 µg/mL propofol dropped by 16% in 
comparison to the control group. Regarding the median 
TDL, the differences between the two propofol groups and 
the control group were significant (p < 0.001), except 

Figure 1 Track length [µm] depending on propofol concentration [0 – 6 – 60 µg/mL] per time frame [min]. Some upper outliers (circles) and extreme values (asterisks) are 
cut off for better comparability of the medians and boxes.
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between the control group and the 6 µg/mL propofol group 
over the 0–30 min time frame.

Track Speed Mean (TSM) without LPS
Differences in the mean TSM between both propofol con
centrations, there were also significant differences in com
parison to the control group within the three time frames 
(p < 0.001) (Table 4, columns with 0 pg/mL LPS). The 
PMN TSM slowed depending on the concentration of 
propofol. Furthermore, the median TSM decreased inde
pendent of the propofol concentration within the observa
tion period. Under the influence of propofol, however, the 
median TSM dropped significantly.

Track Length (TL) with LPS Incubation
Without previous propofol incubation and with increasing 
LPS concentration, the boxplot in Figure 2A shows 
a slight tendency towards an increased migration of the 
PMN median TL.

This tendency for increased movement under the influ
ence of LPS was only partially confirmed by the median 
TL. There were significant differences (p < 0.001) in the 
PMN median TL for both LPS concentrations in 

comparison to the control group within the first three 
time frames. Simultaneously, an LPS concentration of 40 
pg/mL led to a more significant decrease of PMN TL 
within the time frames under consideration. Without the 
influence of LPS the TL dropped by an average of 53% 
compared to the baseline within 0 to 90 minutes (0–90 
min), whereas the TL dropped by 62% using 40 pg/mL 
LPS within the same time frame. A 10-fold higher LPS 
concentration led to a 50% reduction within the three time 
frames (Table 2, columns with 0 µg/mL propofol).

The median TL decreased with a propofol concentra
tion of 6 µg/mL. The addition of LPS did not have an 
effect on this drop (Figure 2B).

Based on the median TL (Table 2, columns with 6 µg/ 
mL propofol), the addition of LPS to the PMN under the 
influence of a propofol concentration of 6 µg/mL did not 
affect the PMN’s TL significantly (p = 0.581). The statis
tical significances in TL of the 31–60 min and the 61–90 
min time frames showed a wide variation with no 
tendency.

The influence of LPS was limited to the first time frame, 
0–30 min (Figure 2C). Compared to the control group, the 
PMN TL increased by 30% with an LPS concentration of 400 

Table 2 Medians of the Track Length [µm] Depending on Propofol Concentration and LPS Concentration per Time Frame [min]

Propofol [µg/mL] 0 6 60

LPS [pg/mL] 0 40 400 0 40 400 0 40 400

Track Length [µm] Pper Time Frame [min] 0–30 110 123 122 104 105 104 59.3 76.0 84.3

31–60 84.4 91.0 100 40.7 31.8 46.9 22.3 16.4 16.7
61–90 52.6 46.6 61.0 25.5 18.2 21.4 19.1 18.1 18.0

Table 3 Track Displacement Length (TDL) Medians [µm] Depending on Propofol Concentration and LPS Concentration per Time 
Frame [min]

Propofol [µg/mL] 0 6 60

LPS [pg/mL] 0 40 400 0 40 400 0 40 400

TDL [µm] per Time Frame [min] 0–30 16.8 24.2 23.8 17.3 22.0 19.5 13.1 16.6 20.5
31–60 8.64 13.7 14.8 5.79 5.72 7.73 2.42 3.15 3.01

61–90 3.92 4.21 5.51 1.70 1.94 2.32 0.92 1.19 1.00

Table 4 Track Speed Mean (TSM) [µm/30min] Depending on Propofol Concentration and LPS Concentration per Time Frame [min]

Propofol [µg/mL] 0 6 60

LPS [pg/mL] 0 40 400 0 40 400 0 40 400

TSM [µm/30min] per Time Frame [min] 0–30 135 164 155 115 139 139 63.0 90.7 100
31–60 104 117 128 43.2 32.9 53.3 23.4 16.6 16.7

61–90 59.4 52.2 73.8 27.0 18.5 22.4 19.8 20.7 18.2
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Figure 2 (A) Track length [µm] depending on LPS concentration [0 – 40 – 400 pg/mL] per time frame [min] and without propofol. Some upper outliers (circles) and 
extreme values (asterisks) are cut off for better comparability of the medians and boxes. (B) Track length [µm] depending on LPS concentration [0 – 40 – 400 pg/mL] per 
time frame [min] with a propofol concentration of 6 µg/mL. Some upper outliers (circles) and extreme values (asterisks) are cut off for better comparability of the medians 
and boxes. (C) Track length [µm] depending on LPS concentration [0 – 40 – 400 pg/mL] per time frame [min] with a propofol concentration of 60 µg/mL. Some upper 
extreme values (asterisks) are cut off for better comparability of the medians and boxes.
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pg/mL in this specific time frame (Table 2, columns with 60 
µg/mL propofol). Using the Kruskal–Wallis test, the TL of 
all LPS groups was found to be significantly different (p < 
0.001) in this first time frame. The PMN median TL of both 
LPS groups was significantly different compared to the base
line (p < 0.001). There were, however, no significant differ
ences between the groups. Depending on LPS concentration, 
the PMN TL decreased within this time frame. For the 61–90 
min time frame there were no longer any significant differ
ences between the PMN median TL of the LPS categories.

Figure 1 depicts how TL drops under a rising propofol 
concentration without LPS. The influence of propofol led 
to a drop in the PMN TL within the 31–90 min time 
frames. In combination with LPS this drop intensified 
substantially (Figure 2B an C).

From the 0–30 min to the 31–60 min time frame the 
median TL decreased by 61% under the influence of 6 µg/ 
mL propofol. In comparison to the baseline, the PMN 
median TL dropped by 38%. An LPS concentration of 
40 pg/mL led to a decrease of 70% for 6 µg/mL propofol 
compared to the control group in the same time frame. 
Using 60 µg/mL propofol, the TL decreased by 78% under 
the same conditions (Table 2).

Without the influence of propofol, the PMN TL with 
400 pg/mL LPS dropped by 18% from the 0–30 min to the 
31–60 min time frame. After the addition of 6 µg/mL 
propofol the TL dropped by 55%. With 60 µg/mL propofol 
the TL decreased by 80% (Table 2).

Track Displacement Length (TDL) with 
LPS Incubation
Within the first time frame, the median TDL scattered 
around 21 µm for all LPS and propofol concentrations. 
For this particular time frame, significant differences 
between the median TDL of the LPS groups and the 
control group were observed. This was independent of 
propofol concentration. P-values ranged from p = 0.021 
to < 0.001. The median TDL difference between the LPS 
groups and the control group was at a maximum of 7 µm 
with no definite direction (Table 3).

Track Speed Mean (TSM) with LPS 
Incubation
In general, TSM decreased within a channel throughout 
the observation period (Table 4). The addition of LPS led 
to an increase of the median TSM within the 0–30 min 
time frame. The addition of propofol within this time 

frame did not alter this TSM tendency under LPS. All 
median TSMs under the influence of the three propofol 
concentrations showed significant differences between the 
control group and the individual LPS groups. The p-values 
ranged from < 0.001 to 0.014 with the following excep
tions: 6 µg/mL propofol in the 0–30 min time frame 
between 40 pg/mL and 400 pg/mL LPS, 60 µg/mL propo
fol in the 31–60 min time frame between 40 pg/mL and 
400 pg/mL LPS, and 60 µg/mL propofol in the 61–90 min 
time frame.

In the 31–60 min and 61–90 min time frames the LPS 
effect on TSM was blocked by the addition of 6 µg/mL 
and 60 µg/mL propofol. The median TSM of the 31–60 
min time frame was only slightly different between the 
individual LPS groups and the baseline. Within the 61–90 
min time frame these significant differences were no 
longer observed. A significant drop in the TSM medians 
for the 0–30 min and 31–60 min time frames was due to 
the influence of the combination of LPS and propofol on 
the PMN. After incubating PMN with 400 pg/mL LPS and 
without propofol, the TSM medians of the 0–30 min time 
frame decreased by 56% during the observation period. 
Additional incubation with 6 µg/mL propofol saw TSM 
medians decrease by 84% from the baseline (60 µg/mL 
propofol, 82%).

NETosis
Without the LPS experiments, ET50NET values showed 
(Figure 3A) significant differences with propofol concen
trations of 0 µg/mL and 60 µg/mL (p = 0.004).

In particular, the median ET50NET dropped by 69 
minutes in comparison to the reference values at 
a propofol concentration of 60 µg/mL (Table 5). This 
corresponds to a 25% reduction. A propofol concentration 
of 6 µg/mL also reduced the median by 62 minutes (22%) 
compared to the reference values. The addition of LPS 
with a concentration of 40 pg/mL in combination with 
both propofol concentrations led to a significant decrease 
of the ET50NET medians in comparison to the reference 
value (p = 0.018). The ET50NET was accelerated by 32 
minutes with a 6 µg/mL propofol concentration and by 60 
minutes (19%) with a 60 µg/mL propofol concentration. 
Therefore, an addition of 40 pg/mL LPS mitigated the 
influence of propofol pre-incubation on the PMN 
ET50NET medians. With an LPS concentration of 400 
pg/mL there were no longer any significant differences 
between the ET50NET reference values and both propofol 
concentrations. ET50NET was reached faster depending on 
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the concentration of propofol. This tendency was wea
kened by LPS. A comparison of the LPS categories (refer
ence value, 40 pg/mL and 400 pg/mL) did not reveal any 
significant differences. Without the influence of propofol 
there was only a significant difference of p = 0.05 amongst 
the ET50NET medians between 40 pg/mL and 400 pg/mL 
LPS. However, a deceleration of the ET50NET medians 
was observed with the addition of 40 pg/mL LPS.

An analysis of the MPO release timeline leads to 
comparable results to those of the DHR or DAPI mea
surements. Without the influence of LPS, there was 
a significant difference (p = 0.006) between the refer
ence value ET50MPO medians and the group with 
a propofol concentration of 60 µg/mL (Figure 3B)

The moment of half maximal MPO release was accel
erated on average by 41 minutes (17%) compared to the 

Figure 3 (A) ET50NET values [min] depending on propofol concentration [0 – 6 – 60 µg/mL] without LPS. (B) ET50MPO [min] depending on propofol concentration [0 – 
6 – 60 µg/mL] without LPS.
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reference value with 60 µg/mL propofol. A concentration 
of 6 µg/mL propofol had a similar effect on MPO release 
(Table 5).

The values measured for the combination with LPS (40 
pg/mL or 400 pg/mL) did not result in significant differ
ences compared to the ones of the propofol concentration 
dependent ET50MPO medians. Propofol caused a drop in 
ET50MPO medians at a concentration of 40 pg/mL LPS. 
With an LPS concentration of 400 pg/mL, propofol only 
caused a minimal acceleration of MPO release.

A significant influence on ET50MPO by LPS was only 
observed with a propofol concentration of 60 µg/mL. The 
ET50MPO of LPS concentrations of 40 pg/mL and 400 pg/ 
mL differed significantly from the reference value by p = 
0.022 and p = 0.045, respectively. The influence of LPS 
caused a deceleration of ET50NET and ET50MPO.

ROS Production and Oxidative Burst 
Microscopic and Flow Cytometric Results
Live Cell Imaging:

With the addition of propofol to PMN there was 
a significant difference between the reference value 
TmaxROS medians and those of the 60 µg/mL propofol 
group. ROS production was, generally speaking, acceler
ated by an increase in propofol concentration. The moment 
of maximal ROS production was accelerated by 30 min
utes with both propofol concentrations. This means that 
the PMN content of ROS was reached 19% faster com
pared to a release without propofol (Table 5). A significant 
difference (p = 0.039) between the TmaxROS values of the 
reference value and a propofol concentration of 60 µg/mL 
was also observed with an LPS concentration of 40 pg/mL. 
Propofol thereby caused an acceleration of 25 minutes (or 

15%) of the TmaxROS in comparison to the reference 
values. There were no longer any significant differences 
between the TmaxROS medians of both propofol groups 
and the control group at an LPS concentration of 400 pg/ 
mL. A reduction in TmaxROS due to propofol was not 
observed. The time points of all three propofol concentra
tions remained constant. A comparison of the TmaxROS 
medians of both LPS concentrations and the reference 
value did not reveal any significant differences. However, 
a tendency of deceleration in TmaxROS with an LPS con
centration of 40 pg/mL was observed.

Flow Cytometry
The activation with fMLP (100 nM) led to significant 
differences between the PMN MFI with a 60 µg/mL pro
pofol incubation and the reference value (Figure 4). These 
differences occurred with 0.39% DMSO (p < 0.001) and 
without DMSO (p = 0.015). The MFI values were differ
ent (p = 0.043) from the DMSO reference value even with 
a propofol concentration of 6 µg/mL. Incubation with 
0.39% DMSO led to an increase of MFI. The addition of 
propofol combined with 0.39% DMSO again led to 
a decrease in MFI with significant differences between 
both propofol groups and the DMSO-reference value.

Thus, with the addition of propofol and fMLP activa
tion the median fluorescence intensity dropped on aver
age by 69% in comparison to the reference value. An 
increase in the propofol concentration to 60 µg/mL raised 
the MFI decrease to 81%. Incubation with 0.39% DMSO 
led to a significant increase of 31% (p = 0.007) of the 
median respiratory burst activity compared to the refer
ence value without DMSO. Referring to this DMSO 
reference value, MFI decreased significantly (p = 0.035) 
by 29% when using a propofol concentration of 6 µg/mL. 

Table 5 TmaxROS, ET50NET and ET50MPO Medians Depending on LPS [0 – 40 – 400 pg/mL] and Propofol [0 – 6 – 60 µg/mL] 
Concentrations

Propofol 0 µg/mL Propofol 6 µg/mL Propofol 60 µg/mL

TMAXROS [min] LPS 0 pg/mL 162 132 130
LPS 40 pg/mL 167 154 142
LPS 400 pg/mL 150 141 152

ET50MPO [min] LPS 0 pg/mL 245 202 204
LPS 40 pg/mL 303 279 258

LPS 400 pg/mL 264 250 244

ET50NET [min] LPS 0 pg/mL 277 215 208
LPS 40 pg/mL 312 280 252
LPS 400 pg/mL 230 267 240
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A propofol concentration of 60 µg/mL led to a median 
MFI reduction of 45% (p < 0.001) in comparison to the 
DMSO reference value. The MFI medians of the PMN 
incubated with 6 or 60 µg/mL were not significantly 
different from one another. Taken together, incubation 
with propofol led to a decrease in ROS production 
(MFI). The viability of PMNs was not significantly 
affected by propofol. Without activation median fractions 
of dead cells were between 2.2 and 1.5% which was not 
worsened by fMLP (1.6 to 1.1%) or PMA (2.4 to 1.4%) 
activation.

Antigen Expression for CD11b/CD62l/ 
CD66b
With a sample size of 5 test persons measured in a dual 
approach, no significant differences regarding the fluor
escence intensity were found in any of the antigen 
determinations. Graphic analysis also did not show 
any differences in the expression of antigens after the 
addition of propofol in all antibodies considered 
here.

Discussion
This study investigated the impact of propofol on isolated 
granulocytes, with or without induction of experimental 
Gram-negative sepsis by incubation with LPS, in terms of 
granulocyte migration, time dependency in ROS produc
tion and NET formation, and vitality.

We used a well-established experimental setup with 
PMNs from healthy donors of both genders that were 
unstimulated until the beginning of the experiments in 
order to exclude any influence on baseline granulocyte 
function. PMN activation with fMLP for migration assays 
has been proven safe and reliable. For flow cytometry, 
granulocyte activation was also initiated with fMLP with 
PMA serving as positive control.21–24

Propofol is a widely used drug for the induction and 
maintenance of anesthesia and sedation and is also con
sidered a first-line agent for patients suffering from 
COVID-19.27,28 It is often used as a monotherapy for 
sedation, and clinically achieved plasma levels range 
from 2 to 30 µg/mL.29,30 Due to the SARS-CoV-2/ 
COVID-19 pandemic many patients require long-term 
intensive care and, therefore, often sedation and anesthesia 
for mechanical ventilation.31 As a result of patients’ pro
longed sedation and their subsequent high tolerance to 
anesthetic agents, and furthermore, to minimize the risk 
to health care givers, a high dose of propofol is often 
required for these patients. Supra-clinical propofol concen
trations beyond 30 µg/mL have been investigated in 
human (33 µg/mL32) or animal models (53 µg/mL33 and 
up to 300 µg/mL34)

Propofol was dissolved in DMSO in our study to 
exclude any influence of the lipid carrier in which propofol 
is commonly formulated for use in humans. This decision 
was based on the findings of Meier et al, who have shown 
that ROS-dependent NETosis is induced to the same extent 

Figure 4 Respiratory burst activity expressed by median fluorescence intensity (MFI) after stimulation by fMLP and TNFα, depending on DMSO and propofol concentration 
[6 µg/mL vs 60 µg/mL].
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by propofol and lipids.35 The 30-minute incubation time 
prior to observation was chosen in accordance with this 
same study.35 With an observation time of up to 7 hours 
we were able to simulate long-term general anesthesia or 
intensive care sedation. Our findings regarding TL, TDL 
and TSM with those of another study investigating the 
influence of propofol on PMN.36 The underlying mechan
isms seem to be activation of mitogen-activated protein- 
kinases (MAPK) pathways and inhibition of FPR1.13,36–38 

We could not observe a directed PMN migration when 
using an fMLP concentration of 10 µM (data not 
shown), whereas at 10 nM fMLP, the given chemotactic 
PMN migration (TDX) was reduced by the addition of 
propofol. This is attributed to the resulting disorientation 
from a saturation of fMLP-receptors at high fMLP 
concentration.

Regarding the influence of propofol on ROS produc
tion, our flow cytometric findings indicate a reduction of 
70–80% and an earlier onset (TmaxROS) of around 30 
minutes on average. The mechanisms for these propofol- 
based findings are a matter of ongoing debate. It is 
obvious that one mechanism seems to be the interaction 
with the GABAA receptor, which is the predominant 
effect within the central nervous system.10 Two studies 
have proven that PMNs express GABAA receptors on 
their surface.35,39 For example, Sanders et al observed 
a reduced immune response in mice treated with diaze
pam, which was restored by simultaneous treatment with 
a GABAA blocker, though this effect was limited to 
macrophages and monocytes.39 Other studies have 
shown further effects of propofol; Yang et al attribute 
its effect on ROS production to an inhibition of the 
FPR1, as propofol had the same effect on this with or 
without prior blockage of the GABAA receptor.13 A study 
by Chen et al supports these findings.40 Another signaling 
pathway involved for propofol is the aforementioned 
influence on MAPK, which results in reduced ROS levels 
and reduced NETosis.30 In accordance with the observa
tions regarding ROS production, we found an earlier 
NETosis onset of 60–70 minutes for both concentrations 
of propofol, and ET50NET values were reduced by 40 
minutes in both cases. These findings reflect the proven 
sequence from one of our previous studies,23 and our 
findings are in line with several other studies. ROS pro
duction is a known activator of NETosis41,42 and it has 
been shown that a defect in NADPH oxidase in patients 
suffering from chronic granulomatosis has led to an 
inability to generate NETs.41 In our study, premature 

NETosis is explained by premature ROS production. 
Two studies have shown reduced NETosis in propofol- 
incubated PMN:30,35 Meier et al assume that propofol 
only inhibits ROS-dependent NETosis, whereas ROS- 
independent pathways are not involved;35 Chen et al 
ascertain propofol’s effect of reducing levels of hypo
chloric acid (HOCl), as well as intracellular pathways, 
to be responsible for this finding.30

The LPS concentrations of 40 pg/mL and 400 pg/mL 
were chosen to match clinical states. Wiedermann et al 
observed levels of less than 50 pg/mL for arteriosclero
sis, chronic obstructive pulmonary disease and less 
severe infections.43 In contrast, LPS blood concentra
tions of patients suffering from severe sepsis ranged 
from around 300 pg/mL to 500 pg/mL.44 The effect of 
LPS on PMN chemotaxis is ambiguous. For example, 
two studies by Wang et al revealed contrary results. In 
2016 they showed that LPS had no effect on fMLP- 
mediated chemotaxis up to a concentration of 0.1 µg/ 
mL. In higher concentrations LPS increased the amount 
of FPR1, reduced the amount of other chemoattractant 
receptors, and supported hierarchical chemotaxis which 
allowed a targeted migration towards the infection 
site.45 In 2017, the same group reported an LPS- 
mediated migration arrest with a subsequent oxidative 
burst followed by NETosis.46 It was speculated that the 
underlying mechanism was an LPS-induced activation 
of the P2X1 receptor. This theory is supported by 
a study by Kahn et al, who also observed reduced LPS- 
mediated chemotaxis.47 The putative background for this 
finding could be that LPS serves as a signal of arrival at 
infection site. We observed a slight increase in PMN 
TL, but it did not reach significance and was limited to 
the first 60 minutes of the observation period. The con
centration increase from 40 pg/mL to 400 pg/mL LPS 
did not result in greater TL, which is due to the LPS- 
stimulated arrival at infection site. This very slight 
effect of LPS in our study could be caused by fMLP- 
mediated activation. Wang et al observed an LPS effect 
on fMLP-mediated chemotaxis only above a threshold 
of 0.1 µg/mL LPS,45 which is far beyond the concentra
tion we used. LPS ameliorated the observed effect of 
propofol on ROS production and NETosis without gain
ing significance for both LPS concentrations.

With the combined effects of propofol and LPS, we 
observed a significant TL reduction within the first 30 
minutes. This matches the results of another study by 
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Wang et al which found significantly increased p38 
MAPK activity after 30 minutes of LPS incubation.45

It is speculated that these discrepancies between the 
various studies are due to a propofol and LPS interaction 
on the same effector pathways involved.

Limitations
We cannot rule out that the in vivo situation might be differ
ent from our in vitro study with a collagen-I-matrix for 
simulation of extravascular PMN migration after extravasa
tion due to interference. Furthermore, we used incubation 
periods of 30 minutes, whereas other studies used different 
incubation times. To shorten the time in the lead up to PMN 
observation, we purified the PMNs prior to incubation and 
did not incubate whole blood with the study medication. We 
added LPS 30 minutes after propofol, and as propofol is also 
able to influence PMN chemotaxis mediated by MAPK,38 it 
could be speculated or even argued that propofol interfered 
with the LPS-mediated impact. However, we chose this setup 
of a short period of contact with artificial surfaces in order to 
limit or exclude factors other than the study drug that may 
have prevented PMN activation before microscopy. 
Furthermore, in our experimental setup live cell imaging 
required observation periods of 8 hours. Had we used longer 
incubation periods of up to 3 or 4 hours, PMNs would have 
been out of the body for more than 12 hours, thus most likely 
generating activation and cell death during the subsequent 
observation period. It also needs to be emphasized that LPS 
does not reflect the pathomechanism for sepsis in total. It 
could also be argued, that LPS from various sources might 
influence PMNs to a different extent due to its varying 
virulence. A biological or clinical relevant effect of propofol 
on PMNs still has to be investigated.

Conclusion
We have shown in this study by means of a time-resolved 
experimental setup that the widely used anesthetic propofol 
has a significant impact on PMN immune response ex vivo. 
Our findings concur with the literature currently available, 
although the underlying mechanisms and pathways remain 
unclear and are a matter of ongoing debate and also might 
be different in vivo. The broad variety of putative mechan
isms that propofol exerts on PMNs shows that further 
studies are warranted to reveal the pathways responsible 
for these mechanisms. In particular, the high mortality 
rates caused by exaggerated PMN activation in severe dis
eases, such as sepsis48 or COVID-19,49,50 demonstrate the 
urgent need for continued research in this field.
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