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Abstract: Necrotic cell damage occurs as a consequence of invasive dental procedures. Loss of
membrane integrity being the hallmark of necrotic cells leads to the release of cytoplasmic and
membranous components. Macrophages are predestined to respond to lysates originating from
necrotic cells. Here, we implement necrotic lysates from human gingival fibroblasts, HSC2, and
TR146 oral epithelial cell lines, and RAW264.7 macrophage cell lines to be tested for their potential to
modulate the inflammatory response of macrophages. To this aim, necrotic cell lysates were prepared
by sonication or freezing/thawing of the respective cell suspension. Necrotic cell lysates were tested
for their potential to modulate the lipopolysaccharide (LPS)-induced expression of inflammatory
cytokines using RAW264.7 macrophages as a bioassay. We show here that all necrotic cell lysates,
independent of the origin and the preparation way, reduced the expression of IL1 and IL6 in LPS-
induced RAW264.7 macrophages, most obviously shown for TR146 cells. This finding was supported
in a bioassay when macrophages were exposed to poly (I:C) HMW, an agonist of TLR-3. Consistently,
all necrotic lysates from gingival fibroblasts, HSC2, TR146, and RAW264.7 cells reduced the nuclear
translocation of p65 in LPS-exposed macrophages. This screening approach supports the overall
concept that necrotic cell lysates can modulate the inflammatory capacity of macrophages.

Keywords: inflammation; necrosis; cell lysates; oral cells; macrophages; bioassay; gingival fibroblasts;
oral epithelial cells

1. Introduction

Accidental cell death or primary necrosis is not a physiological process, but may occur
as a consequence of severe insults of physical (e.g., high pressures, temperatures, or osmotic
forces), chemical (e.g., extreme pH variations), or mechanical (e.g., shear forces) stress,
which prompts an immediate rupture of the cell membrane and release of intracellular
molecules [1,2]. In dentistry, cell damage occurs upon drilling and the insertion of dental
implants, where it is particularly the dying osteocytes being affected by the invasive
procedures [3,4]. Surgical techniques associated with implant dentistry, such as harvesting
of autologous bone [5] or soft tissue complications and grafting [6,7], may also cause cell
damage. Even though not explicitly shown, nonsurgical periodontal procedures, such as
scaling and root planing, can damage oral epithelial cells and fibroblasts of the underlying
connective tissue [8]. Electrosurgery [9] and cryosurgery [10] are further examples of how
a dental procedure may cause necrotic cell damage. Even though there is causality that
invasive dental procedures may damage local cells, histological evidence of necrotic cell
damage is rare.

Cell damage by primary necrosis is a side effect of tremendous mechanical and thermal
stress rather than a controlled biological process such as apoptosis [11], necroptosis [12],
and pyroptosis [13]. Moreover, apoptosis, necroptosis, or pyroptosis are all under the
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control of caspases that are either activated or suppressed, thereby initiating a cascade of
events that dictate cell fate—the mode of which cells die. Thus, there are molecular markers
that can distinguish and, therefore, identify apoptosis [11], necroptosis [12], and pyropto-
sis [13]. With apoptosis, the activation of caspase-3 and caspase-7 is considerably enhanced
in the gingival tissue of patients with periodontitis [14]. For necroptosis, elevated levels
of receptor-interacting protein serine-threonine kinases-1 (RIPK1), phosphorylated RIPK3,
mixed lineage kinase domain-like protein (MLKL), and phosphorylated MLKL were ob-
served in gingival tissues collected from patients with untreated chronic periodontitis [15].
Concerning pyroptosis, NLRP3, caspase-1, caspase-4, and IL18 were more pronounced in
the inflammatory gingiva compared to healthy gingiva [16,17]. However, such signaling
cascades are not activated when mechanical and thermal damage impair the integrity
of the cell membrane. Necrotic cells immediately release the content of their cytoplasm
and membrane fragments into the local environment, signaling the need for repair. It is,
therefore, hard to identify necrotic cells in a histological section; hence, it is difficult to
study the distribution and function of necrotic cells in vivo. Moreover, considering that
necrosis is not a physiological cellular event, the cellular response of vital cells to necrotic
cells is unpredictable.

One strategy to access this research question is to take advantage of in vitro set-
tings where necrotic cell lysates are produced in a controlled and reproducible way.
For instance, necrotic cells prepared by freezing/thawing release chromatin associated
IL1 that causes acute inflammation, particularly by the recruitment of neutrophils and
macrophages [18]. Necrotic cell lysates prepared by repeated freezing/thawing of HEK-293
cells release clusterin [19], a chaperone known for triggering the release of inflammatory
mediators by macrophages [20,21]. Moreover, uric acid is considered an endogenous
danger signal [22] and sodium urate crystals can provoke an inflammatory response of
RAW264.7 macrophages [23]. In contrast, however, extracellular vesicles released from
damaged mesenchymal cells can prevent the M1 polarization in LPS-stimulated RAW264.7
macrophages [21,22]. This aspect supports our recent observations that lysates prepared
from necrotic murine bone marrow stromal ST2 and the osteocytic cell line IDG-SW3 are
polarization inhibitors of LPS-induced RAW264.7 macrophages [24]. Thus, necrotic cell
lysates are potential modulators of inflammatory activity.

The present in vitro study extends previous work on ST2 and IDG-SW3 cells [2] by
implementing necrotic lysates from human gingival fibroblasts, HSC2 and TR146 oral
epithelial cell lines, and RAW264.7 macrophage cell lines to be tested for their potential to
modulate a simulated inflammatory response of macrophages. Cell lysates were prepared
using sonication and freezing/thawing cycles. The inflammatory response of macrophages
was tested with LPS and poly (1:C) HMW-exposed RAW264.7 macrophages. Based on this
in vitro setting, we intended to study how damaged oral cells modulate the polarization of
macrophages.

2. Methods
2.1. Cell Lines

Human gingival fibroblasts were prepared from small pieces of gingiva that were
obtained during wisdom tooth removal surgery from three healthy donors who gave their
informed consent. The Ethical Committee of the Medical University of Vienna approved the
protocol (EK Nr. 631/2007). Pieces of gingiva were kept in a tissue culture flask allowing
fibroblast outgrowth, followed by their expansion through repeated passaging. Fibroblasts
had the expected spindle-shape morphology. The oral squamous cell carcinoma cell line
HSC2, originally obtained from the Health Science Research Resources Bank (Sennan,
Japan), was kindly provided by Prof. Rausch-Fan, Department of Periodontology, Medical
University of Vienna, Austria. The oral squamous cell carcinoma cell line TR146 from the
European Collection of Authenticated Cell Cultures was shared with Winfried Neuhaus
from the Competence Unit Molecular Diagnostics, Center for Health and Bioresources,
Austrian Institute of Technology GmbH. RAW264.7 macrophage-like cells were from the
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American Type Culture Collection (LGC Standards GmbH, Wesel, Germany). All cells
were cultured in a humidified atmosphere at 37 ◦C in a growth medium consisting of
DMEM, 10% fetal calf serum (FCS), and 1% antibiotics (Invitrogen Corporation, Carlsbad,
CA, USA). RAW264.7 macrophage-like cells were expanded in growth medium only and
seeded at 1 × 106 cells/cm2 into 24-well plates; cells were treated with lipopolysaccharide
from Escherichia coli 0111: B41 (LPS; Sigma Aldrich, St. Louis, MO, USA) at 100 ng/mL and
poly (1:C) HMW (InvivoGen, Toulouse, France) at 10 µg/mL in the presence and absence
of the necrotic cell lysates overnight (16–18 h).

2.2. Cell Lysates

Gingival fibroblasts, HSC2, TR146, and RAW264.7 cells were suspended at 4 × 106

cells/mL in Dulbecco’s modified essential medium (DMEM) supplemented with 10% FCS
and antibiotics (all Invitrogen, Grand Island, NY, USA) and subjected to: (i) sonication
for three times each time 15 s (Sonoplus; Bandelin electronic GmbH & Co. KG; Berlin,
Germany); or (ii) three times freezing/thawing for 8 min at −80 ◦C and room temperature.
The necrotic cell lysates underwent centrifugation at 2600 RCF for 5 min (5420; Eppendorf
SE, Hamburg, Germany). All supernatants, now considered as necrotic cell lysate, were
prepared fresh for each independent experiment.

2.3. Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted using the ExtractMe total RNA kit (Blirt S.A., Gdańsk,
Poland). Next, complementary DNA (cDNA) was synthesized through reverse transcrip-
tion of the total RNA (LabQ, Labconsulting, Vienna, Austria). The polymerase chain reac-
tion was performed (LabQ, Labconsulting, Vienna, Austria) on a CFX Connect™ Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Sequences of the primers
were IL1-F: TTGGTTAAATGACCTGCAACA, IL1-R: GAGCGCTCACGAACAGTTG; IL6-F:
GCTACCAAACTGGATATAATCAGGA, IL6-R: CCAGGTAGCTATGG-TACTCCAGAA;
GAPDH-F: AACTTTGGCATTGTGGAAGG, GAPDH-R: GGATGCAGGGATGATGTTCT;
the amount of each specific mRNA was normalized to the housekeeping gene GAPDH
using the ∆∆Ct method. RT-qPCR data are depicted compared to the unstimulated control,
which was assumed as 1.0 in all the analyses.

2.4. Immunoassay

RAW264.7 macrophage-like cells were treated with LPS and poly (1:C) HMW in
the presence and absence of the necrotic cell lysates for 16–18 h. Supernatants were col-
lected and centrifugated prior to storing at −20 ◦C for not more than three weeks. The
concentration of IL6 in the supernatant was measured by immunoassay according to the
manufacturer’s instruction (DY406, R&D Systems, Minneapolis, MN, USA). The immunoas-
say is a solid phase sandwich ELISA and the binding of the detection antibody linked to
Streptavidin-HRP was identified by the colorimetric substrate tetramethylbenzidine (T0440,
Sigma).

2.5. Immunofluorescent Analysis

The immunofluorescent examination of the nuclear translocation of NFκB-p65 was
implemented in RAW264.7 cells seeded into Millicell® EZ slides (Merck KGaA, Darmstadt,
Germany) at 1 × 106 cells/cm2. Cells were serum-deprived overnight before being treated
with 100 ng/mL LPS in the presence and absence of the necrotic cell lysates for another
30 min. The cells were fixed using 4% paraformaldehyde and blocked with 1% bovine
serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA). The anti-NF-κB p65 antibody
(IgG, 1:800, Cell Signaling Technology, CST, Cambridge, UK, #8242) was added to the
cells at 4 ◦C for 16 h, followed by the goat anti-rabbit Alexa 488 (1:1000, CST, #4412) and
Fluoromount-GTM containing DAPI (Invitrogen, Carlsbad, CA, USA). Images were taken
using revolve fluorescent microscope (Echo, Bico, San Diego, CA, USA). DAPI blue nuclear
staining was quantified by ImageJ software (NIH, Bethesda, MA, USA).
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2.6. Statistical Analysis

The experiments were repeated at least three times. Statistical analysis was based on
an uncorrected Friedmann test using Prism v8 (GraphPad Software, La Jolla, CA, USA).
The comparison was between the LPS group and its combination with each single cell
lysate. p-values are reported.

3. Results
3.1. Necrotic Cell Lysates Reduce LPS-Induced IL1 and IL6 in RAW264.7 Cells

To rule out any cytotoxic effects of cell lysates, we performed an MTT assay. When
RAW264.7 macrophages were exposed to the necrotic lysates from fibroblasts, HSC2, TR146,
and RAW264.7 cells, no viability changes were noticed We then assessed the impact of the
necrotic cell lysates on LPS-induced inflammation of RAW264.7 cells. RT-PCR analyses
of IL1 and IL6, and an immunoassay of IL6 were conducted. LPS caused the expected
increased expression of IL1 and IL6 at the transcriptional level, and of IL6 at the protein
level. This LPS response was lowered by the presence of the necrotic cell lysates prepared by
sonication (Figure 1) and freezing/thawing (Figure 2). Dose-response experiments revealed
that sonicated lysates prepared from gingival fibroblasts, HSC2 and TR146, can be diluted
up to 10-fold, maintaining their anti-inflammatory activity (Figure 3). However, once cell
lysates from RAW264.7 cells are diluted, they lose their anti-inflammatory activity (Figure 3).
To rule out that necrotic cell lysates hinder RAW264.7 cells from being exposed to LPS,
we pre-exposed cells with LPS prior to adding TR146 cell lysates prepared by sonication.
Furthermore, in this setting, TR146 cell lysates reduced the LPS-induced expression of
IL1 and IL6 in RAW264.7 cells (Supplementary Figure S1). The lysates alone could not
increase cytokine expression, there was even a modern decrease in basal IL6 expression
(Supplementary Table S1).
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Figure 1. Sonicated necrotic cell lysates reduce LPS-induced cytokine expression of RAW264.7
macrophages. RAW264.7 macrophages exposed to LPS with and without sonicated cell lysates from
gingival fibroblasts (GF), HSC2, TR146 (TR), and RAW264.7 (RAW) cells to induce the expression
of IL1 and IL6 and the release of IL6 protein into the supernatant. The expression changes were
normalized to an unstimulated control, while in the supernatant the basal IL6 production is shown.
The dots represent three independent experiments. Statistical analysis was based on a Friedmann test
and p-values are indicated.

3.2. Sonicated Cell Lysates Reduce TLR3 Agonist-Induced Cytokine Expression in RAW264.7 Cells

Next, we assessed the impact of necrotic cell lysates on poly (1:C) HMW (a TLR3
agonist)-induced inflammation of RAW264.7 macrophages. RT-PCR analyses of IL1, IL6,
and an immunoassay of IL6 protein were conducted. LPS caused the expected increased
expression of IL1 and IL6 at the transcriptional level, and of IL6 at the protein level. This
poly (1:C) HMW response was lowered by necrotic cell lysates from fibroblasts, HSC2,
TR146, and RAW264.7 cells (Figure 4).
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Figure 3. Dose-response of sonicated necrotic cell lysates reduce cytokine expression in RAW264.7 

cells. RAW264.7 macrophages were exposed to LPS with and without different percentages of soni-

cated cell lysates (12.5, 25, 50, and 100%) from gingival fibroblasts (black), HSC2 (green), TR146 

(blue), and RAW264.7 (red). The percentage of LPS-stimulated control expression (100%) is shown. 

The dot plots represent the mean of two independent experiments. 
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Figure 2. Freezing/thawing cell lysates reduce LPS-induced cytokine expression of RAW264.7
macrophages. RAW264.7 macrophages exposed to LPS with and without freezing/thawing cell
lysates from gingival fibroblasts (GF), HSC2, TR146 (TR), and RAW264.7 (RAW) to induce the
expression of IL1 and IL6 and the release of IL6 protein into the supernatant. The expression changes
were normalized to unstimulated control. In the supernatant, the basal IL6 production is shown. The
dots represent the three independent experiments. Statistical analysis was based on a Friedmann test
and p-values are indicated.
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Figure 3. Dose-response of sonicated necrotic cell lysates reduce cytokine expression in RAW264.7
cells. RAW264.7 macrophages were exposed to LPS with and without different percentages of
sonicated cell lysates (12.5, 25, 50, and 100%) from gingival fibroblasts (black), HSC2 (green), TR146
(blue), and RAW264.7 (red). The percentage of LPS-stimulated control expression (100%) is shown.
The dot plots represent the mean of two independent experiments.
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Figure 4. Sonicated necrotic cell lysates reduce TLR3 agonist-induced inflammation of RAW264.7
macrophages. RAW264.7 cells were exposed to necrotic cell lysates from gingival fibroblasts (GF),
HSC2, TR146 (TR), and RAW264.7 (RAW) prepared by sonication in the presence of 10 µg/mL poly
(1:C) HMW. The data show the x-fold changes in IL1 and IL6 gene expression and the release of IL6
protein into the supernatant. Data points indicate independent experiments. Statistical analysis was
based on a Friedmann test and p-values are indicated.
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3.3. Necrotic Cell Lysates Reduce LPS-Induced p65 Nuclear Translocation in RAW264.7 Cells

To further assess how necrotic cell lysates modulate the inflammatory response in
RAW264.7 cells, the activation of NFκB-p65 nuclear translocation was performed by im-
munostaining. In line with the decreased expression of inflammatory markers, necrotic
cell lysates prepared by sonication reduced the nuclear translocation of p65 in the pres-
ence of necrotic cell lysates (Figure 5). The semiquantitative analysis is presented in
Supplementary Table S2. These findings suggest that necrotic cell lysates are capable of
reducing the LPS-induced activation of NFκB signaling.
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Figure 5. Necrotic cell lysates reduce LPS-induced p65 nuclear translocation in RAW264.7 cells. We
used RAW264.7 macrophages exposed to LPS in the presence and absence of necrotic cell lysates from
gingival fibroblasts (GF), HSC2, TR146 (TR), and RAW264.7 (RAW) prepared by sonication aiming
to induce the nuclear translocation of p65. Immunostaining revealed the green fluorescence signals
obtained with the p65 antibody. Note that almost all cells are positive upon LPS treatment, while the
cell lysates shift this pattern toward visible blue nuclear staining with DAPI. The scale bar indicates
50 µm.

4. Discussion

Tremendous research efforts have been undertaken to uncover the molecular mech-
anisms of cell death with caspases being the master regulators of apoptosis [11], necrop-
tosis [12], and pyroptosis [13]—all of which cause cell death, thereby provoking a local
response. This response can involve inflammation as an early signal to demark cells as
damaged and initiate processes aiming to activate tissue homeostasis. In contrast, however,
accidental cell death or primary necrosis is a consequence of traumatic events including
severe mechanical and thermal stress that culminates in the rupture of cell membranes
and the release of cytoplasmatic components [1,2]. It is not astonishing that necrotic cells
represent a sign of damage, for instance in trauma or severe burns. It can be assumed that
necrotic cells provoke a local inflammatory response by triggering macrophage activation
towards the M1 lineage. Surprisingly, however, according to the data provided here, it
cannot be ruled out that necrotic cells may have anti-inflammatory activity, indicated by
the lowering of the LPS and poly (1:C) HMW-induced expression of IL1 and IL6 in a
macrophage cell line.

If we relate our findings to those of others, we have to acknowledge our recent work
on necrotic cell lysates prepared from the murine bone marrow mesenchymal cell line ST2
cell and the osteocytic cell line IDG-SW3; these cell lysates clearly show anti-inflammatory
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activity indicated by the dampening of the LPS-induced macrophage polarization [24].
However, ST2 and IDG-SW3 cell lines do not necessarily represent the necrotic cell damage
in the oral cavity; hence, we have extended the original work, now including gingival
fibroblasts and the oral squamous carcinoma cell lines HSC2 and TR146 to represent the oral
epithelial cell lineage. Consistent with our findings obtained with ST2 and IDG-SW3 cells,
necrotic cell lysates from gingival fibroblasts and the oral epithelial cell lines HSC2 and
TR146 greatly diminished the LPS as well as the poly (1:C) HMW-induced inflammatory
response of RAW264.7 macrophages—and again [24], using sonication, which is more
potent compared to freezing/thawing, to prepare the necrotic cell lysates.

Our data observed with the necrotic lysates from RAW264.7 macrophages were, how-
ever, more heterogenous, as, for instance, lysates prepared by freezing/thawing could
not reduce the IL6 release of LPS-stimulated macrophages. The reason why we have not
measured IL1 is that its release is coupled to pyroptosis, and is thus not ideal to detect IL1
without cell lysis [25]. The dose-response data show a weaker anti-inflammatory activity
of RAW264.7 lysates compared to all other cell lysates. Nevertheless, undiluted necrotic
lysates from RAW264.7 cells consistently suppressed the LPS and poly (I:C) HMW-induced
cytokine expression and p65 nuclear translocation; overall supporting the fundamental
observation that necrotic lysates, when prepared by sonication, are robust in their capac-
ity to dampen an inflammatory response of RAW264.7 macrophages. Considering that
RAW264.7 macrophages are mouse cells and most of our lysates originate from human
cells, future studies might consider a human read-out system with whole blood cells or
peripheral blood mononucleated cells. Nevertheless, if we consider the effects of the lysates
to be based on binding LPS and poly (I:C) HMW, RAW264.7 cells are fine. Taken together,
the data suggest that necrotic lysates from human gingival fibroblasts, HSC2 and TR146
oral epithelial cell lines, and RAW264.7 macrophage cell lines are capable of lowering
the agonist-induced activation when using the extremely sensitive murine macrophage
cell line.

The question now arises why we have selected those four cell types? Considering
that nonsurgical periodontal procedures, such as scaling and root planing [8], as well as
electrosurgery [9] and cryosurgery [10], can damage oral epithelial cells and fibroblasts,
we have selected cells representing the oral soft tissue. We are asking to what extent and
in which direction the local necrotic cells might affect a local inflammatory environment
mainly in the soft tissue. We were surprised to learn that all the cell lysates can lower LPS
and poly (I:C) HMW-induced inflammatory response in a macrophage cell line. Actually,
this paper is a continuation and more of a refinement of our original observation with mouse
mesenchymal cells (ST2 bone marrow stromal cells and IDG-SW3 osteocytic cells) [24]. Here,
we have mainly focused on oral cells of human origin, thus confirming and strengthening
our previous observation.

The present research raises fundamental questions concerning the molecular mecha-
nism underlying the anti-inflammatory activity observed. Future research should focus on
which molecules released cause the observed activity and if this activity is a consequence of
the adsorbing and thereby neutralizing of LPS or poly (1:C) HMW, preventing its binding to
the TLRs. Potential candidates are clusterin [19], but clusterin [20,21], like uric acid and its
salts [22,23], are more of an agonist to M1 macrophages polarization. Extracellular vesicles
generated from monocytes under conditions of lytic cell death are also candidates of local
cell communication [26]. Consistent with our observations, mesenchymal cell-derived extra-
cellular vesicles prevent the acquisition of the M1 phenotype in LPS-stimulated RAW264.7
macrophages [27,28]. Considering that sonication and freezing/thawing generate extracel-
lular vesicles; these vesicles are potential candidates to mediate anti-inflammatory activity;
also knowing that extracellular vesicles may serve for biomedical applications [29]. More-
over, we assume that sonication is more efficient than freezing/thawing to disrupt the
membranes; thus, the plasmatic and nuclear fractions are more accessible to the lysates
and the RAW264.7 macrophages. We speculate that the biological principle to reduce
the inflammatory response is independent of the way to disrupt the cells and, thus, the
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overall mode of cell necrosis. Consequently, our study remains descriptive in the sense
that we cannot explain our findings on a molecular level. Moreover, considering that
accidental cell death or primary necrosis [1,2] may occur within the rather invasive dental
procedures including implant placement [3,4], hard and soft tissue augmentation [5,7], and
all kinds of as scaling and root planing [8] or electrosurgery [9] and cryosurgery [10], our
research serves as a primer to further study the potential role of necrotic cells in oral tissue
regeneration and homeostasis.

These findings may inspire further research to translate the in vitro findings towards
an in vivo approach; for instance, to embed the respective necrotic cell lysates together
with LPS in a matrix that is placed subcutaneously in vivo. Hypothetically, there is less
macrophage activation and presumably a diminished immigration of neutrophils to these
sites. Another aspect could be related to biomaterial testing, for instance, dental implants
and bone substitutes. Macrophages are sensitive to surface modifications underlying
the value of macrophages to serve as bioassays for inflammation research [30]. With
respect to implant and bone substitute research, we propose to study in vitro how the
“coating” of a surface with the sonicated necrotic cell lysates affects the M1 macrophage
response, simulating a clinical situation where damaged cells next to the biomaterials
may adsorb and potentially affect the local macrophage response. On a tissue level, it
would be rewarding to determine signs of primary necrosis in oral tissues upon the various
dental treatments and monitor the local inflammatory response. Considering that gingival
fibroblasts, but also oral epithelial cells, were identified to be major drivers of inflammation
in periodontitis [31], these cell types should be implemented as a bioassay. Interestingly,
we have observed that HSC2 and TR147 cell lysates exert a pro-inflammatory activity in
gingival fibroblasts (Sordi and Panahipour et al., manuscript submitted). Thus, we have to
be careful when interpreting the findings, as necrotic lysates may even increase cytokine
expression in other target cells than RAW264.7 macrophages. There is room for future
research to study the impact of primary cell necrosis on the overall cellular response, not
restricted to inflammation. This is also because the molecules released by cells undergoing
primary necrosis may be pharmacologically blocked with a potential beneficial effect on
disease outcome [2]. Finally, our observations seem to be a general effect that is not limited
to dentistry. This fact should not be considered a limitation, it should rather inspire other
fields to focus on the paracrine-like effects of necrotic cells.

We have to consider the clinical scenario where basically any dental procedure involv-
ing instrumentation of tissue will cause an inflammatory response being the forerunner of
wound healing. If we consider inflammation as a positive event, which it is, our observa-
tions that necrotic cell lysates reduce the M1 response in macrophages obtain a negative
flavor. However, it is not easy to put one piece of in vitro observation into the big mosaic
of knowledge we have gained from preclinical research and clinical observations. Today,
we have to interpret the findings with caution and consider our research as a pilot; an
unexpected observation that is seeking its place in the big picture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12041701/s1. Figure S1: Sonicated TR146 cell lysates reduce
LPS-induced cytokine expression of RAW264.7 cells; Table S1: The effects of the sonicated cell lysates
on IL1 and IL6 expression in RAW264.7 macrophages; Table S2: Immunostaining quantification
corresponding to Figure 5.

Author Contributions: Conceptualization, L.P. and R.G.; data curation, L.P.; formal analysis, L.P.
and R.G.; methodology, L.P. and A.O.A.; project administration, L.P. and A.O.A.; supervision, L.P.
and R.G.; validation, L.P.; visualization, L.P.; writing—original draft preparation, L.P. and R.G.;
writing—review and editing, L.P., A.O.A. and R.G. All authors have read and agreed to the published
version of the manuscript.

Funding: The research was funded by the Medical University of Vienna, University Clinic of Dentistry,
Vienna, Austria. R.G. receives grant support from the Osteology Foundation.

https://www.mdpi.com/article/10.3390/jcm12041701/s1
https://www.mdpi.com/article/10.3390/jcm12041701/s1


J. Clin. Med. 2023, 12, 1701 9 of 10

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Medical University of Vienna
(EK NR 631/2007).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data are available on demand.

Conflicts of Interest: The authors declare no competing interest.

References
1. Sachet, M.; Liang, Y.Y.; Oehler, R. The immune response to secondary necrotic cells. Apoptosis 2017, 22, 1189–1204. [CrossRef]

[PubMed]
2. Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, J.M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W.;

et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486–541. [CrossRef] [PubMed]

3. Yin, X.; Li, J.; Hoffmann, W.; Gasser, A.; Brunski, J.B.; Helms, J.A. Mechanical and Biological Advantages of a Tri-Oval Implant
Design. J. Clin. Med. 2019, 8, 427. [CrossRef] [PubMed]

4. Chen, C.-H.; Coyac, B.R.; Arioka, M.; Leahy, B.; Tulu, U.S.; Aghvami, M.; Holst, S.; Hoffmann, W.; Quarry, A.; Bahat, O.; et al. A
Novel Osteotomy Preparation Technique to Preserve Implant Site Viability and Enhance Osteogenesis. J. Clin. Med. 2019, 8, 170.
[CrossRef] [PubMed]

5. Coyac, B.R.; Sun, Q.; Leahy, B.; Salvi, G.; Yuan, X.; Brunski, J.B.; Helms, J.A. Optimizing autologous bone contribution to implant
osseointegration. J. Periodontol. 2020, 91, 1632–1644. [CrossRef] [PubMed]

6. Thoma, D.S.; Gil, A.; Hämmerle, C.H.F.; Jung, R.E. Management and prevention of soft tissue complications in implant dentistry.
Periodontol. 2000 2022, 88, 116–129. [CrossRef] [PubMed]

7. Thoma, D.S.; Strauss, F.J.; Mancini, L.; Gasser, T.J.W.; Jung, R.E. Minimal invasiveness in soft tissue augmentation at dental
implants: A systematic review and meta-analysis of patient-reported outcome measures. Periodontol. 2000, 2022; ahead of print.
[CrossRef]

8. Cobb, C.M. Clinical significance of non-surgical periodontal therapy: An evidence-based perspective of scaling and root planing.
J. Clin. Periodontol. 2002, 29 (Suppl. 2), 6–16. [CrossRef]

9. Williams, V.D. Electrosurgery and wound healing: A review of the literature. J. Am. Dent. Assoc. 1984, 108, 220–222. [CrossRef]
10. Kujan, O.; Azzeghaiby, S.N.; Tarakji, B.; Abuderman, A.; Sakka, S. Cryosurgery of the oral and peri-oral region: A literature

review of the mechanism, tissue response, and clinical applications. J. Investig. Clin. Dent. 2013, 4, 71–77. [CrossRef]
11. Lucas, H.; Bartold, P.; Dharmapatni, A.; Holding, C.; Haynes, D. Inhibition of Apoptosis in Periodontitis. J. Dent. Res. 2010, 89,

29–33. [CrossRef]
12. Li, J.; Ke, X.; Yan, F.; Lei, L.; Li, H. Necroptosis in the periodontal homeostasis: Signals emanating from dying cells. Oral Dis. 2018,

24, 900–907. [CrossRef] [PubMed]
13. Sordi, M.B.; Magini, R.D.S.; Panahipour, L.; Gruber, R. Pyroptosis-Mediated Periodontal Disease. Int. J. Mol. Sci. 2021, 23, 372.

[CrossRef] [PubMed]
14. Bantel, H.; Beikler, T.; Flemmig, T.F.; Schulze-Osthoff, K. Caspase activation is involved in chronic periodontitis. FEBS Lett. 2005,

579, 5559–5564. [CrossRef] [PubMed]
15. Shi, J.; Li, J.; Su, W.; Zhao, S.; Li, H.; Lei, L. Loss of periodontal ligament fibroblasts by RIPK3-MLKL-mediated necroptosis in the

progress of chronic periodontitis. Sci. Rep. 2019, 9, 2902. [CrossRef] [PubMed]
16. Xue, F.; Shu, R.; Xie, Y. The expression of NLRP3, NLRP1 and AIM2 in the gingival tissue of periodontitis patients: RT-PCR study

and immunohistochemistry. Arch. Oral Biol. 2015, 60, 948–958. [CrossRef] [PubMed]
17. Li, Y.; Li, B.; Liu, Y.; Wang, H.; He, M.; Liu, Y.; Sun, Y.; Meng, W. Porphyromonas gingivalis lipopolysaccharide affects oral

epithelial connections via pyroptosis. J. Dent. Sci. 2021, 16, 1255–1263. [CrossRef] [PubMed]
18. Cohen, I.; Rider, P.; Carmi, Y.; Braiman, A.; Dotan, S.; White, M.R.; Voronov, E.; Martin, M.U.; Dinarello, C.A.; Apte, R.N.

Differential release of chromatin-bound IL-1α discriminates between necrotic and apoptotic cell death by the ability to induce
sterile inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 2574–2579. [CrossRef]

19. Rohne, P.; Wolf, S.; Dörr, C.; Ringen, J.; Holtz, A.; Gollan, R.; Renner, B.; Prochnow, H.; Baiersdörfer, M.; Koch-Brandt, C. Exposure
of vital cells to necrotic cell lysates induce the IRE1α branch of the unfolded protein response and cell proliferation. Cell Stress
Chaperon. 2018, 23, 77–88. [CrossRef]

20. Shim, Y.-J.; Tae, Y.-K.; Kang, B.-H.; Park, J.-S.; Jeon, S.-Y.; Min, B.-H. Toll-like receptor 4 signaling is required for clusterin-induced
tumor necrosis factor-α secretion in macrophage. Biochem. Biophys. Res. Commun. 2017, 482, 1407–1412. [CrossRef]

21. Shim, Y.-J.; Kang, B.-H.; Jeon, H.-S.; Park, I.-S.; Lee, K.-U.; Lee, I.-K.; Park, G.-H.; Lee, K.-M.; Schedin, P.; Min, B.-H. Clusterin
induces matrix metalloproteinase-9 expression via ERK1/2 and PI3K/Akt/NF-κB pathways in monocytes/macrophages. J.
Leukoc. Biol. 2011, 90, 761–769. [CrossRef]

22. Škoberne, M.; Beignon, A.-S.; Bhardwaj, N. Danger signals: A time and space continuum. Trends Mol. Med. 2004, 10, 251–257.
[CrossRef]

http://doi.org/10.1007/s10495-017-1413-z
http://www.ncbi.nlm.nih.gov/pubmed/28861714
http://doi.org/10.1038/s41418-017-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/29362479
http://doi.org/10.3390/jcm8040427
http://www.ncbi.nlm.nih.gov/pubmed/30925746
http://doi.org/10.3390/jcm8020170
http://www.ncbi.nlm.nih.gov/pubmed/30717291
http://doi.org/10.1002/JPER.19-0524
http://www.ncbi.nlm.nih.gov/pubmed/32279310
http://doi.org/10.1111/prd.12415
http://www.ncbi.nlm.nih.gov/pubmed/35103320
http://doi.org/10.1111/prd.12465
http://doi.org/10.1034/j.1600-051X.29.s2.4.x
http://doi.org/10.14219/jada.archive.1984.0468
http://doi.org/10.1111/j.2041-1626.2012.00165.x
http://doi.org/10.1177/0022034509350708
http://doi.org/10.1111/odi.12722
http://www.ncbi.nlm.nih.gov/pubmed/28763140
http://doi.org/10.3390/ijms23010372
http://www.ncbi.nlm.nih.gov/pubmed/35008798
http://doi.org/10.1016/j.febslet.2005.09.020
http://www.ncbi.nlm.nih.gov/pubmed/16213496
http://doi.org/10.1038/s41598-019-39721-1
http://www.ncbi.nlm.nih.gov/pubmed/30814594
http://doi.org/10.1016/j.archoralbio.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25841070
http://doi.org/10.1016/j.jds.2021.01.003
http://www.ncbi.nlm.nih.gov/pubmed/34484594
http://doi.org/10.1073/pnas.0915018107
http://doi.org/10.1007/s12192-017-0825-6
http://doi.org/10.1016/j.bbrc.2016.12.049
http://doi.org/10.1189/jlb.0311110
http://doi.org/10.1016/j.molmed.2004.04.001


J. Clin. Med. 2023, 12, 1701 10 of 10

23. Dhanasekar, C.; Kalaiselvan, S.; Rasool, M. Morin, a Bioflavonoid Suppresses Monosodium Urate Crystal-Induced Inflammatory
Immune Response in RAW 264.7 Macrophages through the Inhibition of Inflammatory Mediators, Intracellular ROS Levels and
NF-κB Activation. PLoS ONE 2015, 10, e0145093. [CrossRef] [PubMed]

24. Panahipour, L.; Abbasabadi, A.O.; Kaiser, V.; Sordi, M.B.; Kargarpour, Z.; Gruber, R. Damaged Mesenchymal Cells Dampen the
Inflammatory Response of Macrophages and the Formation of Osteoclasts. J. Clin. Med. 2022, 11, 4061. [CrossRef] [PubMed]

25. Sordi, M.B.; Panahipour, L.; Kargarpour, Z.; Gruber, R. Platelet-Rich Fibrin Reduces IL-1β Release from Macrophages Undergoing
Pyroptosis. Int. J. Mol. Sci. 2022, 23, 8306. [CrossRef] [PubMed]

26. Baxter, A.A.; Phan, T.K.; Hanssen, E.; Liem, M.; Hulett, M.D.; Mathivanan, S.; Poon, I.K.H. Analysis of extracellular vesicles
generated from monocytes under conditions of lytic cell death. Sci. Rep. 2019, 9, 7538. [CrossRef] [PubMed]

27. Malvicini, R.; Santa-Cruz, D.; De Lazzari, G.; Tolomeo, A.M.; Sanmartin, C.; Muraca, M.; Yannarelli, G.; Pacienza, N. Macrophage
bioassay standardization to assess the anti-inflammatory activity of mesenchymal stromal cell-derived small extracellular vesicles.
Cytotherapy 2022, 24, 999–1012. [CrossRef] [PubMed]

28. Dong, B.; Wang, C.; Zhang, J.; Zhang, J.; Gu, Y.; Guo, X.; Zuo, X.; Pan, H.; Hsu, A.C.-Y.; Wang, G.; et al. Exosomes from human
umbilical cord mesenchymal stem cells attenuate the inflammation of severe steroid-resistant asthma by reshaping macrophage
polarization. Stem Cell Res. Ther. 2021, 12, 204. [CrossRef]

29. Gao, J.; Dong, X.; Wang, Z. Generation, purification and engineering of extracellular vesicles and their biomedical applications.
Methods 2020, 177, 114–125. [CrossRef]

30. Hotchkiss, K.M.; Ayad, N.B.; Hyzy, S.L.; Boyan, B.D.; Olivares-Navarrete, R. Dental implant surface chemistry and energy alter
macrophage activation in vitro. Clin. Oral Implant. Res. 2016, 28, 414–423. [CrossRef]

31. Williams, D.W.; Greenwell-Wild, T.; Brenchley, L.; Dutzan, N.; Overmiller, A.; Sawaya, A.P.; Webb, S.; Martin, D.; Hajishengallis,
G.; Divaris, K.; et al. Human oral mucosa cell atlas reveals a stromal-neutrophil axis regulating tissue immunity. Cell 2021, 184,
4090–4104.e15. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pone.0145093
http://www.ncbi.nlm.nih.gov/pubmed/26709520
http://doi.org/10.3390/jcm11144061
http://www.ncbi.nlm.nih.gov/pubmed/35887825
http://doi.org/10.3390/ijms23158306
http://www.ncbi.nlm.nih.gov/pubmed/35955441
http://doi.org/10.1038/s41598-019-44021-9
http://www.ncbi.nlm.nih.gov/pubmed/31101910
http://doi.org/10.1016/j.jcyt.2022.05.011
http://www.ncbi.nlm.nih.gov/pubmed/35798638
http://doi.org/10.1186/s13287-021-02244-6
http://doi.org/10.1016/j.ymeth.2019.11.012
http://doi.org/10.1111/clr.12814
http://doi.org/10.1016/j.cell.2021.05.013

	Introduction 
	Methods 
	Cell Lines 
	Cell Lysates 
	Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) 
	Immunoassay 
	Immunofluorescent Analysis 
	Statistical Analysis 

	Results 
	Necrotic Cell Lysates Reduce LPS-Induced IL1 and IL6 in RAW264.7 Cells 
	Sonicated Cell Lysates Reduce TLR3 Agonist-Induced Cytokine Expression in RAW264.7 Cells 
	Necrotic Cell Lysates Reduce LPS-Induced p65 Nuclear Translocation in RAW264.7 Cells 

	Discussion 
	References

