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Novel composite bone cement
modulates inflammatory response
in vitro

Kangning Hao?, Jie Hu?, Jiangyong Wang® & Fei Li3**

1. To evaluate the anti-inflammatory properties of enoxaparin sodium polymethylmethacrylate bone
cement within the indirect co-culture model comprising endothelial cells and macrophages. 2. To
investigate the impacts of inflammatory factors IL-6 and IL-10 on macrophage M2 polarisation and
endothelial cell apoptosis. An indirect co-culture system of endothelial cells and macrophages was
established by utilizing 1 pg/mL of lipopolysaccharide (LPS) to trigger an inflammatory response
model. The experiment was categorized into 4 groups: blank control group, LPS-indicated group,
PMMA +LPS group, and ES-PMMA + LPS group. Flow cytometry was performed to ascertain the
apoptosis rate of endothelial cells and macrophage polarisation trend in the co-culture system.
Meanwhile, ELISA, Western blotting, and immunofluorescence were adopted to measure the
expression levels of Interleukin-6(IL-6), Tumour Necrosis Factor-a(TNF-a), Intercellular Cell Adhesion
Molecule (ICAM), and Interleukin-10(IL-10) in cells and supernatants. In the detection of two typical
polarisation proteins, CD86 and CD206, it was observed that the expression level of the CD86 protein,
which indicates M1 polarisation, was elevated in the LPS-induced group in comparison to the blank
control group (**P <0.01). The expression level was found to be down-regulated in the ES-PMMA +LPS
group (*P <0.05). In contrast, the expression level of CD206 protein, which indicates the trend of M2-
polarisation, was observed to be down-regulated in the LPS-induced group compared to the blank
control group (***P <0.001). Conversely, this expression level was up-regulated in the ES-PMMA +LPS
group in comparison to the LPS-induced group (**P <0.01). The expression of IL-6, TNF-a, IL-10, and
ICAM was investigated in cell culture supernatants using the Elisa assay. The results showed that the
LPS-induced group had higher levels of IL-6, TNF-a, and ICAM compared to the blank control group
(***P<0.001), while the LPS-induced group had lower levels of IL-10 (***P <0.001). Additionally,

the ES-PMMA +LPS-induced group showed lower levels of the aforementioned cytokines (**P<0.01
or *P<0.05) and higher levels of IL-10 (*P <0.05). Western Blot and immunofluorescence results
revealed that the expression of IL-6, TNF-a, and ICAM was up-regulated (***P <0.001) and IL-10 was
down-regulated (***P <0.001) in the LPS-induced group compared with the blank control group.
Compared with the LPS-induced group and PMMA + LPS group, in the ES-PMMA +LPS group, the
expression of all three proteins was down-regulated (*P <0.05 or **P <0.01), whereas the expression
of the IL-10 protein was up-regulated (***P <0.001). The inflammatory proteins IL-6, TNF-o, and ICAM
were shown to have higher fluorescence intensity in the LPS-induced group compared to the blank
control group (***P <0.001), the intensity of IL-10 was observed to be diminished (***P <0.001). In
contrast, the fluorescence intensity of IL-6, TNF-a, and ICAM was reduced in the ES-PMMA + LPS group
relative to the LPS-induced group (***P<0.001), the intensity of IL-10 was enhanced (***P <0.001).

In terms of endothelial cell apoptosis rate detection, the rate of apoptosis considerably reduced in

the ES-PMMA + LPS-induced group when compared to the LPS-induced group (***P <0.001) and rose
noticeably in the LPS-induced group when compared to the blank control group (***P <0.001). (1) In
the co-culture system, ES-PMMA bone cement fulfills anti-inflammatory functions by impeding the
expression of inflammatory factor IL-6 and promoting IL-10. (2) ES-PMMA bone cement facilitates the
M2 polarisation response of macrophages and declines endothelial cell apoptosis within a co-culture
system. (3) ES-PMMA bone cement can modify the local inflammatory environment by modulating the
expression of inflammatory factors, which is potentially valuable for the application of cement-related

surgery.
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Abbreviations

ES Enoxaparin sodium

PMMA Polymethylmethacrylate

ES-PMMA  Enoxaparin Sodium-Polymethylmethacrylate
LPS Lipopolysaccharide

IL-6 Interleukin-6

TNF-a tumour necrosis factor-a

IL-10 Interleukin-10

ICAM Intercellular Cell Adhesion Molecule

EC Endothelial cell
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A central facet of the initiation of inflammation lies in the vascular response. Macrophages constitute the
principal contributors to the inflammatory response and partake in the majority of pathological inflammatory
processes within the body'. Stimulated by various physicochemical factors, macrophages rapidly begin to
produce inflammatory cytokines, including endothelin, IL-6, and TNF-a2. This leads to the occurrence of an
inflammatory response in the body. They have three main functions: antigen presentation, phagocytosis, and
regulation of the immune system through the production of a range of cytokines and chemokine factors®. The
characteristic M1/M2 phenotype is the two directions of macrophage polarisation, and studies have suggested
that an imbalance in M1/M2 polarisation plays a key role in the inflammatory response and disease progression®.
Macrophage and lymphocyte recruitment of endothelial cells from peripheral blood represents an early event
in the development of vascular dysfunction®. Endothelial cells and macrophages are intimately involved in the
regulation of inflammation, while endothelial cells induce selective macrophage growth, differentiation, and
functional polarization®”.

It is well-known that the role of heparin and its derivatives on inflammation is receiving increasing attention
from scholars®. Abbadi’ et al. proved that heparin impeded the polarization of pro-inflammatory macrophages
and promoted macrophage differentiation. Our prior studies have revealed that ES-PMMA bone cement possesses
multiple properties as a novel type of material. Sun!? et al. discovered that after carrying PMMA bone cement,
enoxaparin sodium could be well released and did not affect its biological activity. Concurrently, Sang!"!? et al.
indicated that ES-PMMA bone cement could inhibit the role of CD40 in vascular endothelial cells and reduce
local thrombosis. In terms of anti-inflammatory effects, our suggested that it induces macrophage polarisation
towards the M2 phenotype and down-regulates the presence of the TLR4/NF-kB signaling pathway'®. Moreover,
ES-PMMA bone cement can exert local anti-inflammatory effects by modulating the inflammatory factors IL-6
and TNF-a'%. However, in terms of anti-inflammation, ES-PMMA bone cement has yet to be thoroughly studied.
Based on previous studies, we hypothesize that ES-PMMA reduces inflammatory cytokine release and promotes
macrophage polarization towards the M2 phenotype, thereby mitigating endothelial cell apoptosis in co-culture.
We recognized that single in vitro macrophages are customarily employed for studies of incurred inflammation,
whereas the co-culture model appears to be a more efficacious portrayal of cell-cell interactions, given that it
permits the unrestricted exchange of cytokines, nutrients, and other substances. It has been observed that the
exosome MALAT1 from endothelial cells treated with oxidized low-density lipoprotein promotes macrophage
M2 polarisation in a co-culture system!®. Taking into account that endothelial cell-macrophage co-culture
models might represent a more compelling approach to investigating inflammation. Hence, the objective of this
study was to delve into the effects of ES-PMMA bone cement on macrophage polarisation response, endothelial
cell apoptosis, and the inflammatory factors IL-6, TNF-a, ICAM, and IL-10. To this end, a co-culture model was
employed to further explore the anti-inflammatory mechanisms of the new composite bone cement.

Materials and methods

Cell culture and treatment

Rat alveolar macrophages (PNS Life Sciences Co. Ltd. Wuhan, China) and rat inferior vena cava endothelial cells
(PNS Life Sciences Co., Ltd. Wuhan, China) were cultured in RPMI Medium 1640(Gibco, USA) and the DMEM
medium (Gibco, USA) was supplemented with 10% fetal bovine serum. The cells were cultured in a cell culture
incubator maintained at 37 °C with 5% CO, for 2-3 days. The cell culture medium should be observed daily for
changes in cell growth and colour. It is essential to renew the medium in time.

Co-culture and groups

The 8000 IU enoxaparin sodium powder (Chengdu Baiyu Co. Ltd., China) was premixed with 40 g of PMMA
bone cement (Heraeus, Germany) and subsequently augmented with liquid'®. Following the LPS-inducing
concentrations mentioned in the references', we immersed both PMMA and ES-PMMA bone cement in cell
complete medium at a ratio of 1 cm?/3 mL for 24 h and determined the final concentration of LPS to be 1 pg/
ml. Subsequently, the two types of cells in the logarithmic growth phase were digested separately, counted, and
prepared into cell suspensions. 2 x 10° macrophages and endothelial cells were separately seeded in 0.4 pm
Transwell chambers. The medium of each group was replenished to 2 ml, and then the cells were collected for
subsequent experiments after 24 h of continuous co-culture. (Fig. 1). The experiment was conducted in four
distinct groups: a control group, an LPS-induced group, a PMMA + LPS group, and an ES-PMMA + LPS group.
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Fig. 1. Schematic diagram of co-culture modeling. Detection of inflammatory factors in an endothelial cell
and macrophage co-culture system.

ELISA assay

The principal reagents utilized in the cellular experiments were the rat interleukin 6 (IL-6) ELISA kit (Elite,
Wuhan, China No.E-EL-R0015c¢), the rat interleukin 10 (IL-10) ELISA kit (Elite, Wuhan, China No.E-EL-
R0016c), the rat tumor necrosis factor-a (TNF-a) ELISA kit (Elite, Wuhan, China No.E-EL-R2856c¢), and the
rat intercellular adhesion molecule 1 (ICAM-1/CD54) ELISA kit (Elite, Wuhan, China No.E-EL-R2850c¢).
Refer to the kit instruction manual for operation. The 3rd generation cell culture supernatant was collected and
centrifuged at 2000 rpm for 30 min to remove impurities and debris. Standard, blank, and sample wells were
set up separately. Subsequently, 100 pl of the sample and standard were added to each well, and the plates were
incubated for 90 min at 37 °C. Add TMB substrate to each well and incubate for 15 min in the dark. The reaction
was terminated by the addition of 50 pl of termination solution to each well. : Finally, the optical density (OD)
was assessed at 450 nm.

Western blotting

The protein content was quantified using the bicinchoninic acid (BCA) assay. The cells were grouped following
the previously described methodology, and their original culture medium was aspirated and discarded. Following
a single wash with 1x PBS, 1000 uL/well of RIPA (Solebro Technology Ltd, China) was added. Subsequently, the
cell lysate was shaken at 4 °C for 30 min, after which it was transferred to a 1.5 mL centrifuge tube to obtain a
cell protein sample. The protein concentration was determined by utilizing a standard curve constructed with
the use of bovine serum albumin (BSA). The protein concentration of the samples was determined through the
utilization of a Bradford assay. (A standard curve was plotted, with X representing protein concentration (in
micromoles per milliliter) and Y representing final OD595 nm. This was based on the previously determined
OD of the BSA standard, with the OD of the blank wells in the standard being deducted for the final reading.
The protein concentration of the samples was then calculated from the standard curve and the dilution of the
samples). Following the completion of the electrophoresis process, the gel was extracted and transferred to a
membrane transfer buffer maintained at 4 °C. The gel was then transferred to a PVDF membrane. The primary
antibodies, namely anti-IL-10 antibody (Abcam, UK), anti-ICAM antibody, and anti-IL-6 antibody (Abcam,
UK), as well as anti-TNF-a antibody (Abcam, UK) (1:1000), were added to the incubation kit at 4 °C overnight
under agitation. The membranes were incubated with HRP-labelled secondary antibody (goat anti-rabbit IgG;
Abcam, UK) (1:8000) of the corresponding species origin for one and a 1.5 h at room temperature. They were
then washed with TBST solution four times for 5 min each. ECL chemiluminescent reagents were used for
color development. The protein markers utilized in the Western blotting procedure were sourced from Solebro
Technology Ltd. (Beijing, China). Western blot analysis was conducted using a GAPDH antibody (Abcam,
Cambridge, UK). Then, the films were scanned and imaged using an Epson Perfection V39 scanner, and the
brightness values of the protein bands were analyzed. The method was to calculate the protein band brightness
value ratio to the corresponding GAPDH band brightness value for each sample to obtain the corrected protein
band brightness value. The control was used as the standard valuel and a bar graph was plotted.

Immunofluorescence

Cells were placed in 24-well plates, seeded overnight, and fixed by adding 1 mL of 4% paraformaldehyde
fixative. Following a 60-minute incubation period with the blocking solution, the solution was removed and the
cells were treated with the corresponding primary antibodies IL-10 (IL-10 monoclonal antibody; Invitrogen,
USA) (1:100), ICAM (ICAM-1 polyclonal antibody protein tech, USA) (1:500), IL-6 (anti-IL-6 antibody rabbit
product, Sigma, Germany) (1:50) and TNF-a (TNF Alpha monoclonal antibody protein tech, USA) (1:50) were
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diluted overnight at 4 °C. Subsequently, the primary antibody was removed and the cells were washed 3 times
with PBS solution for 10 min each time. A fluorescently labeled secondary antibody (goat anti-mouse IgG H&L;
Abcam, UK) was added. The cells were incubated for 1 h at 37 °C. Fluorescence analysis was executed utilizing
the Image] software.

Flow cytometry

Primary cultures of rat inferior vena cava endothelial cells were used (Hunan Fenghui Biotechnology Co. Ltd.
China, for generations 2-3). The cultures were incubated in a 5% carbon dioxide-saturated humidity incubator
at 37 °C for 2-3 days. Cells in the logarithmic growth phase were digested with trypsin (Sorabo Technology
Co., Ltd., China) and inoculated into 6-well plates. The cells were grouped as described above and incubated
for another 24 h. A total of 5x10* to 1x 10° cells were collected and resuspended in binding buffer, as detailed
in the Annexin V-FITC kit (Hangzhou Unitech Biotechnology Co. Ltd., China). Subsequently, 5 ul of Annexin
V-FITC and 10 pl of propidium iodide (PI) solution were added. Subsequently, the cells were incubated at room
temperature (20-25 °C) in the dark for a further 10-20 min, after which they were placed in an ice bath. The data
were acquired using a FACS Calibur TM flow cytometer (BD Biosciences).

The expression of CD86 and CD206 was detected in each group using flow cytometry!®!”. Rat alveolar
macrophages (Punosai Life Sciences Co., Ltd. Wuhan China ) were cultured in a complete medium (10% fetal
bovine serum + 1% penicillin/streptomycin in RPMI 1640 medium) at 37 °C. The cells were digested to a growth
density of 80% or more, counted, and 2 x 10° logarithmically growing macrophages were inoculated in 6-well
plates with 3 replicate wells per group. Each tube of cells was resuspended with 100 uL PBS, and F4/80(Abcam,
UK), CD86(Abcam, UK), and CD206(e-Bioscience, USA) antibodies were added, and incubated for 1 h at 4°C
in the dark. The cells were resuspended in 400uL of PBS and analyzed using a flow cytometer. The results were
analyzed using Flow]Jo 10 software.

Data analysis

The data were processed using GraphPad Prism 6. A one-way analysis of variance (ANOVA) was employed to
conduct multiple comparisons between groups and calibrate the results with measurement data expressed as
mean *standard deviation (SD). The Tukey (HSD) test was applied to the post-hoc analysis test. Differences
were considered statistically significant at *P <0.05.

Results

Levels of secretion of the inflammatory factors in cultures were measured by ELISA

The expression of IL-6, TNF-a, IL-10, and ICAM in cell culture supernatants was detected by Elisa assay. It was
demonstrated that the IL-6, TNF-a, and ICAM content LPS-induced group was increased (***P<0.001) and
IL-10 content was decreased (***P<0.001) compared with the blank control group; while the group induced
by ES-PMMA +LPS exhibited a decrease (***P<0.01 or *P<0.05) in the levels of the aforementioned cytokines
compared to the LPS-induced group, except for IL-10, which showed an increase (*P <0.05) (Fig. 2). ES-PMMA
bone cement can restrain the secretion of pro-inflammatory factors IL-6, TNF-a, and ICAM, and stimulate the
secretion of anti-inflammatory factor IL-10 to exert anti-inflammatory effects.
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Fig. 2. ES-PMMA bone cement reduces the expression of pro-inflammatory factors in co-culture. Elisa assay
for IL-6, TNF-a, ICAM and IL-10 content in the four groups of co-cultured cells resulted in an increase in
IL-6, TNF-a, and ICAM factors and a decrease in IL-10 content in the LPS group compared with the blank
control group (***P<0.001); however, IL-6, TNF-a, and ICAM factors were decreased in the ES-PMMA group
compared with the LPS group (*P<0.05 or **P<0.01) and increased IL-10 content (*P<0.05) (n=3).
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Protein expression of IL-6, TNF-a, ICAMAIIL-10 in cell cultures was determined by Western
blot

Western Blot analysis disclosed that pro-inflammatory IL-6 and TNF-a proteins were released after endothelial
cell injury, and the role of IL-6, TNF-a, and ICAM was up-regulated in the LPS-induced group compared
with the blank control group (***P<0.001); while the role of the three proteins was down-regulated in the ES-
PMMA +LPS group relative to the LPS-induced and PMMA +LPS groups (*P<0.05 or **P<0.01).

In an inflammatory environment, macrophages in co-culture differentiated towards a pro-inflammatory
phenotype, with IL-10 expression down-regulated in the LPS-induced group compared to the blank control group
(***P<0.001), whereas IL-10 protein expression was up-regulated in the ES-PMMA + LPS group compared to the
LPS-induced group and the PMMA +LPS group (***P<0.001) (Fig. 3). Western Blot experiments demonstrated
that ES-PMMA bone cement could alter the inflammatory environment by up-regulating the expression of pro-
inflammatory factor proteins and down-regulating anti-inflammatory factor proteins.
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Fig. 3. ES-PMMA bone cement modulates the expression of pro/anti-inflammatory factors in co-culture by
releasing enoxaparin sodium. In the co-culture system, inflammatory factors were determined by Western
Blotting and GAPDH was used as an internal reference. The expression of IL-6, TNF-a, and ICAM was up-
regulated in the LPS-induced group compared with the blank control group (***P<0.001); the expression of
all three proteins was down-regulated in the ES-PMMA + LPS group compared with the LPS-induced and
PMMA +LPS groups (*P<0.05 or **P<0.01); the expression of IL-10 was down-regulated in the LPS-induced
group compared with the blank control group (***P <0.001), while IL-10 protein expression was up-regulated
in ES-PMMA + LPS group compared with LPS-induced and PMMA + LPS groups (***P<0.001).ES-PMMA
had a significant advantage in regulating inflammatory protein expression. (n=3).
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Expression of inflammatory proteins in endothelial cells detected by Immunofluorescence

By immunofluorescence, we observed that in an indirect co-culture system of endothelial cells and macrophages,
the fluorescence intensity of the inflammatory proteins IL-6, TNF-a, and ICAM was enhanced in the LPS-
induced group compared with that of the blank control group (***P<0.001), and the fluorescence intensity of
IL-10 was decreased (***P<0.001). In contrast, the fluorescence intensity of IL-6, TNF-a, and ICAM decreased
in the ES-PMMA + LPS group compared with that in the LPS-induced group (***P <0.001), and the fluorescence
intensity of IL-10 increased (***P<0.001). (Fig. 4) The results revealed that ES-PMMA bone cement in the
co-culture system releases enoxaparin sodium, which regulates the expression of pro-inflammatory and anti-
inflammatory factors and has anti-inflammatory activity.

Trends in endothelial cell apoptosis and macrophage polarisation by flow cytometry

The rate of endothelial cell apoptosis was markedly higher in the LPS-induced group compared to the blank
control group (***P<0.001). Whereas, in the ES-PMMA +LPS-induced group, the apoptosis rate decreased
significantly compared to the LPS-induced group (***P<0.001) (Fig. 5a). Meanwhile, in the detection of two
representative polarisation proteins, CD86 and CD206, we found that the expression level of CD86 protein,
which indicates the trend of M1 polarisation, was up-regulated in the LPS-induced group compared with the
blank control group (**P<0.01), while the expression level was down-regulated in the ES-PMMA +LPS group
(*P<0.05); the CD206 protein expression level, which indicates the trend of M2 polarisation, was down-regulated
in the LPS-induced group compared with the blank control group (***P<0.001), and up-regulated in the ES-
PMMA +LPS group compared with the LPS-induced group (**P<0.01) (Fig. 5b). The results demonstrated that
ES-PMMA bone cement could promote the M2 phenotypic polarisation of macrophages and alter the direction
of the inflammatory response, thereby reducing endothelial cell injury.

Discussion

Inflammation constitutes a defensive response elicited by the body in response to various physicochemical
stimuli. It includes two major categories: infectious inflammation and non-infectious inflammation. Under
normal circumstances, inflammation is typically a beneficial response and serves as the body’s natural defense
mechanism. Nevertheless, there are instances where inflammation can be harmful, such as when it targets
transparent tissues or attacks the body’s tissues. The factors that induce tissue damage, i.e. inflammatory agents,
can be summarized in the following categories: biological factors like bacteria and viruses; physical factors
such as temperature and radioactive substances; chemical factors, local necrotic tissues, and allergic reactions.
Anti-inflammatory and pro-inflammatory factors are in balance under normal physiological conditions. In
contrast, major orthopedic surgeries have the potential to instigate an inflammatory response within the body
by prompting the release of prostaglandin, activating prostaglandin receptors, and augmenting the expression
of inflammatory factors. Research has illustrated that numerous inflammatory changes can occur in the acute
phase after joint replacement surgery'$, causing the release of inflammatory factors, including TNF-a, IL-6, IL-8,
IL-1B, etc., which are not only signal transduction molecules but also effector molecules'®. More worrisome is
the fact that in patients with knee replacements, the inflammatory response induced by the surgery enhances this
pathological change. The surgery itself is an invasive procedure with an attendant stress response, which includes
the release of inflammatory factors, and thus the inflammatory state caused by the surgical stimulus can result
in one of the most problematic post-operative complications for surgeons after knee surgery, “periprosthetic
infection%2!,

Furthermore, PMMA bone cement is widely used in several clinical areas, and its advantages and
disadvantages are well known to us***. During implantation of the bone cement, an inflammatory response
can also be activated due to the release of heat during the polymerization reaction of the cement, as well as its
inherent toxic effects It has been shown that PMMA bone cement inevitably triggers an immunoinflammatory
response’*?>. Hence, in light of a more comprehensive understanding of the physicochemical properties of
PMMA bone cement, a growing volume of research has been conducted in recent years to optimize it. Han?¢
et al. added 20% diatrizoate sodium to PMMA bone cement to obtain good radiopacity while maintaining its
mechanical properties, setting properties, and biocompatibility. Carboxylic acid-functionalized polycarbonates
have been demonstrated to enhance the antimicrobial properties of bone cement as an additive while preserving
mechanical strength and cellular biocompatibility?’. Given this, our team prepared a new bone cement material,
ES-PMMA bone cement, and investigated a series of its properties'®~!2. By studying it we found that ES-PMMA
bone cement has local antithrombotic and anti-inflammatory biological properties, and at the same time, it
showed some osteogenic capacity after the addition of alendronate?®. All of these indicate that it has a promising
research value and potential. Thus, in the subsequent study, we further illustrated its in vitro anti-inflammatory
properties by employing an indirect co-culture method with endothelial cells and macrophages.

Heparin is known to exhibit various biological activities beyond its anticoagulant effects. Among these, it
is especially worth mentioning its anti-inflammatory properties, its ability to promote the release of pancreatic
lipase and hepatic lipase, and its ability to reduce angiogenesis**~>!. In recent years, the co-cultivation system has
also garnered significant attention from scholars. Liu et al. Natural history of atherosclerosis using a co-culture
model of endothelial cells, macrophages, and vascular smooth muscle cells*?. Miki*® and others have also found
that co-cultures are superior to single-cell cultures in mimicking the in vivo environment.

In a previous study, we performed a preliminary characterization of the anti-inflammatory effects of ES-
PMMA in a single-cell culture model'. In the co-culture model of this study, the ES-PMMA + LPS group of bone
cement decreased the expression of pro-inflammatory factors IL-6 and TNF-a and promoted the expression of
anti-inflammatory factor IL-10 relative to the LPS-induced and PMMA + LPS groups. We were aware that IL-6,
TNF-q, and IL-10 are often used for inflammation studies. It has been shown?®* that Ligustrazine inhibits the
inflammatory response of human endometrial stromal cells via the STAT3/IGF2BP1/RELA axis. Sun®” et al. also
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Fig. 4. Changes in fluorescence intensity of ES-PMMA bone cement affecting inflammatory factors in

a co-culture system. By immunofluorescence we found that in the co-culture system of the two cells, the
fluorescence intensity of the inflammatory proteins IL-6, TNF-a and ICAM was increased in the LPS-induced
group compared to the blank control group (***P<0.001), and the fluorescence intensity of IL-10 was reduced
(**P<0.001); in contrast, the fluorescence intensity of the IL-6, TNF-a, and ICAM was reduced in the ES-
PMMA +LPS group compared to the LPS-induced group (***P <0.001); and the fluorescence intensity of the
IL-10 was increased (***P<0.001). This indicates that ES-PMMA bone cement in the co-culture system has
anti-inflammatory potency. This indicates that ES-PMMA bone cement in the co-culture system has anti-
inflammatory potency. (n=3).
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Fig. 5. Flow cytometric detection of endothelial cell apoptosis rates and macrophage polarisation trends in
co-culture systems. (a) The apoptosis rate increased significantly in the LPS-induced group compared with
the blank control group (***P <0.001) and decreased significantly in the ES-PMMA + LPS-induced group
compared with the LPS-induced group (***P<0.001). (b) There are many specific proteins for macrophage
polarisation, in the detection of two representative polarisation proteins, CD86 and CD206, we found that

the expression level of CD86 protein, which indicates the trend of M1 polarisation, was up-regulated in the
LPS-induced group compared to the blank control group (**P<0.01), while the expression level was down-
regulated in the ES-PMMA + LPS group (*P<0.05); the expression level of CD206 protein expression level was
down-regulated in the LPS-induced group compared with the blank control group (***P<0.001) and up-
regulated in the ES-PMMA + LPS group compared with the LPS-induced group (**P<0.01). The fluorescence
of CD206 markers representing M2 polarisation in the histogram was higher in the ES-PMMA + LPS group
than in the other experimental groups. The results indicated that ES-PMMA bone cement could promote the
M2 phenotype polarisation of macrophages. (n=3).
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found that B-cell-derived IL-10 is critical for the resolution of LP-induced acute lung injury and may serve as a
potential therapeutic target. ES-PMMA bone cement can exert anti-inflammatory effects by modulating these
inflammatory factors, which is consistent with literature reports.

Macrophages can produce various inflammatory mediators in autoimmune and autoinflammatory
diseases. Depending on the environment in which the organism lives, macrophages present in different
tissues polarise to form different macrophage subtypes, including both M1 and M2 types®. The microbial
component lipopolysaccharide (LPS) can drive macrophage polarisation towards the M1 phenotype, which has
a pro-inflammatory response and produces inflammation-associated factors such as IL-6, IL-12 and tumour
necrosis factor (TNF), as opposed to the M2 macrophage, which has an anti-inflammatory response and the
ability to repair damaged tissue*”®. In an inflammatory environment, macrophages are first polarised to a pro-
inflammatory M1-type phenotype to help the host fight pathogens. As inflammation subsides, macrophages are
polarised to form an anti-inflammatory response of the M2-type phenotype to repair tissue damage.Central to
macrophage polarization are alterations in the expression of cell surface markers. These markers play a major
role in tissue repair, angiogenesis, and metabolism*. Luo M* et al. identified an important role for macrophage
polarisation in inflammatory diseases. In the detection of two macrophage-specific proteins, CD86 and CD806,
we found that the expression levels of CD86, TNF-a, and IL-6 were significantly lower in the ES-PMMA +LPS
group than in the LPS-induced group; meanwhile, the expression levels of CD206 and IL-10 were increased
compared with the LPS + PMMA group and the LPS-induced group. Compared with conventional PMMA bone
cement, ES-PMMA bone cement induced M2 phenotypic polarisation of macrophages and increased secretion
of anti-inflammatory factors, which was associated with the anti-inflammatory effect of enoxaparin sodium.

It has been reported to demonstrate that endothelial cells can be activated and are capable of actively
recruiting effector immune cells during the inflammatory response and that cytokines such as IL-6, IL-1p
and tumour necrosis factor (TNF) induce endothelial cell activation, but also through pathogen-associated
molecular patterns such as lipopolysaccharides*!~#3. Chen et al.** reported that exosomal IncRNA growth arrest-
specific 5 regulates apoptosis of macrophages and vascular endothelial cells in atherosclerosis. Whereas tissue
injury causes immediate activation of the inflammatory cascade, activated intertissued macrophages release
inflammatory mediators (TNF-a, IL-1p, IL-6)*. For the endothelial cell apoptosis assay we found that PMMA
bone cement promoted LPS-induced endothelial cell apoptosis, which exacerbated the inflammatory response
with consequent macrophage M1-type polarisation after the release of inflammatory factors from endothelial
cell apoptosis. Conversely, ES-PMMA inhibited the apoptotic response of endothelial cells and promoted M2-
type polarisation of macrophages to protect endothelial cells.

ICAM-1 can be expressed on a wide range of cells such as endothelial cells, fibroblasts, and most leukocyte
subpopulations*®~*8, Inflammatory factors such as IL-1, and TNF-a can increase ICAM-1 expression in multiple
cell types?®. In response to inflammatory stimuli, ICAM-1 was upregulated not only on resident cells but also
on macrophages®®>!. Notably, in our study, we noticed that ICAM protein expression was reduced in the ES-
PMMA +LPS-induced group compared with the PMMA + LPS-induced and LPS-induced groups, which could
also indicate that ES-PMMA bone cement inhibits the exacerbation of inflammatory response by reducing the
expression of ICAM protein after endothelial injury, and the recruitment of macrophages.

Concerning studies on the anti-inflammatory effects of bone cement, it has been shown that Injectable
bone cement with magnesium-containing microspheres enhances osteogenesis via anti-inflammatory
immunoregulation®?. Meantime, our research has some limitations, and the in vitro model may not be able to
fully replicate the complex in vivo environment, and we will further investigate it in animals in future studies.
Future studies should incorporate in vivo models to validate the anti-inflammatory efficacy of ES-PMMA under
physiological conditions.

Conclusion

In the present study, we simulated the in vivo inflammatory environment using an indirect co-culture model
of endothelial cells and macrophages and found that ES-PMMA exerts anti-inflammatory effects by inhibiting
the pro-inflammatory factors IL-6, TNF-a, and ICAM, and promoting the expression of the anti-inflammatory
factor IL-10, which complements the biological properties of this novel composite material very well, and also
provides certain theoretical basis. These findings provide a foundation for future clinical studies exploring the
use of ES-PMMA in reducing postoperative inflammation and improving implant longevity.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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