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ABSTRACT

Introduction: Bacterial toxins are considered to be obscuring factors in multiple human diseases.
Accidental contamination by bacterial lipopolysaccharides (LPS) and lipoteichoic acid (LTA) in
biomedical and biotechnological products may lead to inflammation and associated pyrogenic re-
actions in humans. LPS are the most studied and clinically important pyrogen from gram-negative
bacteria, while LTA is derived from the cell wall of gram-positive bacteria. Previous studies have
identified that LPS and LTA induce a pyrogenic response in living systems. However, the detailed
mechanisms of cellular toxicity have not yet been determined. The present study aimed to investi-
gate LPS-induced and LTA-induced immune response activation and the ensuing effects on cellular
integrity and organelle function in monocytes and monocyte-derived macrophages. Methods:
With monocytes and macrophages being the first lines of defense against pathogenic invasion,
THP-1 cells were selected as an in vitro model for the present study. THP-1 is a cancerous monocyte
cell line and can differentiate into macrophages via stimulation with phorbolmyristic acid. Intracel-
lular responses of monocytes and monocyte-derived macrophages following exposure to LPS and
LTA were analyzed through several assays, including MTT, Neutral red, DCFH-DA, NO release, DilCl
(5), Annexin V-PI FACS, Rhodamine phalloidine, Acridine Orange, and JC1. The expression of the
inflammation-related genes NFxB, COX2, IL-1f, and TNF-, along with activation of inflammatory
signaling, was also assessed in monocytes following toxic interaction. Results & Conclusion: The
results revealed that LPS and LTA can induce inflammatory signals at nanogram concentrations but
are non-cytotoxic at low concentrations. LPS exposure had no significant toxic impacts on mem-
brane integrity and organelle function. LPS induced neither apoptotic nor necrotic cell death of
THP-1 cells at the selected concentration. However, LTA caused cell membrane damage and or-
ganelle dysfunction in a time and dose-dependent manner. LTA exposure led to oxidative stress
and apoptotic cell death mediated by reactive oxygen species (ROS) and reactive nitrogen species
(RNS). Both bacterial toxins augmented the expression of inflammatory genes and associated in-
flammatory signal transmission in THP-1 cells. The overall cellular effect was dependent on dose

and time of exposure.
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INTRODUCTION

Biomaterials, medical devices, injectables, and phar-
maceuticals intended for use on living subjects should
be non-toxic and biocompatible. Contamination of
medical products or devices with a chemical or bi-
ological agent is a major challenge faced by clini-
cians and pharmaceutical manufacturers. All med-
ical products should be free from toxic contamina-
tion and biological risks, such as inflammatory re-
sponses, fever, and febrile reactions, that are associ-
ated with their use on living subjects. Screening of
medical products for pyrogens is a mandatory regu-
latory requirement. Pyrogens induce fever or febrile
reactions in humans and animals. The term pyro-
gen is derived from the Greek word “pyr;” meaning
fever. Fever and febrile reactions are represented by

an elevated body temperature above the normal phys-
iological range (36.5°C-37.5°C). Under normal cir-
cumstances, fever and febrile reactions are beneficial
for hosts to fight against infection or injury. How-
ever, chronic immune activation associated with fever
will result in cellular toxicity, hyper-activation of cy-
tokines, and systemic inflammation. Pyrogenic fever
is the most common adverse effect reported follow-
ing the administration of contaminated pharmaceuti-
cals!, implanted devices, and biotechnological prod-
ucts?. Pyrexia is the term commonly used to denote
pyrogen-mediated fever. Complications associated
with pyrexia depend on the type and complexity of
the associated pyrogens, the immunity of an affected
individual, and genotypic and phenotypic differences
in heat tolerance of an individual. Hyperthermic re-
actions may lead to heatstroke, multiple organ failure,
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or, in extreme cases, death3.

Most biotechnological products intended for clinical
applications are based on recombinant proteins, anti-
bodies, or plasmids synthesized or isolated from bac-
terial species, particularly Escherichia coli (E. coli).
Therefore, these preparations involve some risk of
bacterial contamination. Introduction of bacterial
cell components (pyrogenic contamination) may re-
sult in inflammation and toxic shock. External anti-
gens such as bacteria, viruses, fungi, chemicals, and
leachates on medical devices act as exogenous py-
rogens. Bacterial lipopolysaccharides (LPS) are the
most potent and harmful exogenous pyrogens. LPS
are endotoxins that originate from the cell walls of
gram-negative bacteria.

Lipoteichoic acid (LTA) is a non-endotoxin pyrogen
originating from gram-positive bacteria that plays a
crucial role in initiating fever reactions. In every or-
ganism, the internal homeostatic mechanism is main-
tained by coordinating various physiological and bio-
chemical processes. In humans, the pre-optic area of
the anterior hypothalamus (POA) acts as the princi-
pal thermoregulatory center of the brain. Thermore-
ceptors in the hypothalamus receive signals related
to temperature fluctuation in the internal environ-
ment, whereas skin thermoreceptors receive signals
from the external environment. Synchronized action
of the central nervous system (CNS) and endocrine
hormones sustains the body’s temperature in a nar-
row physiological range*.

Immuno-toxic response against most pyrogens be-
gins with the release of inflammatory cytokines.
Pyrogen-induced variation of body temperature is
achieved through cytokine signaling and the release
of eicosanoid mediators in the CNS. Eicosanoids are
signaling molecules produced by the oxidation of
polyunsaturated fatty acids, such as arachidonic acid.
The eicosanoid prostaglandin (PG) E2 (PGE2) plays
a central role in the elevation of body temperature
during a pyrogenic attack. PG H/G synthase or cy-
clooxygenase (COX) act as the myeloperoxidase that
catalyzes the rate-limiting step of PG synthesis from
arachidonic acid. There are two isoforms of COX,
COX1, and COX2. COX2 is regulated by growth fac-
tors, interleukin-1beta (IL1-f), interleukin-6 (IL-6),
and tumor necrosis factor-alpha (TNF-¢), and is con-
sequently overexpressed during inflammation. COX2
mediates the production of PGE2, PGD2, PGI2, and
thromboxane A2, with PGE2 exerting significant ef-
fects on the CNS5. Following administration of LPS,
elevated expression of COX2 mRNA has been re-
ported in various areas of rat brains, including in the
leptomeninges, neocortex, cingulate cortex, piriform
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cortex, hippocampus, lateral amygdala, thalamus, hy-
pothalamus, striatum, preoptic area, blood vessels,
perivascular monocytes, and endothelial cells®7.

The human immune system involves a wide network
of organs and cells that defend against a large range
of foreign invaders, injuries, and infections. Immune
cells that play significant roles in pathogen defense in-
clude monocytes, macrophages, and dendritic cells.
In mammals, circulating monocytes protect against
bacterial toxins. THP-1 cells are considered a suit-
able model for immuno-toxicity studies as they pos-
sess the structural and functional characteristics of
human monocytes. Recently, Dlugosz et al. (2019) re-
ported that cytokine signaling via THP-1 monocytes
follows infection with the parasite Toxocara canis and
its glycans. To prove the possible route of the im-
mune response against parasitic infection, they used
THP-1 cells as the cell model®. Phorbol 12-myristate
13-acetate (PMA) mediated differentiation of THP-1
monocytes is a well-established technique to analyze
the in vitro response of macrophages to various toxins,
including pandemic viral agents®. The present study
focused on the in-depth mechanism of the cellular
and immunological responses of THP-1 cells when
exposed to LPS and LTA.

METHODS

Cell culture and passage

THP-1 cells were purchased from National Centre
for Cell Science, Pune, India. THP-1 is a cancerous
monocytic non-adhering cell maintained in RPMI-
1640 medium modified to contain 2 mM L-glutamine,
10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/L
glucose, 1500 mg/L sodium bicarbonate, and 10% fe-
tal bovine serum. Cells were sub-cultured into a new
tissue culture flask when the concentration reached
8 x 10°cells/mL. A new vial of cells was revived and
maintained for the study after every five passages.
THP-1 cells possess large, round, single-shaped mor-
phology with a diameter of 18 um to 21 um.

Monocyte-macrophage differentiation

THP-1 monocytes were treated with PMA to acti-
vate their differentiation into macrophages, known
as monocyte-derived macrophages (MDMs). Phase-
contrast images of the cells were taken under a com-
pound microscope (Leica, Japan) to analyze the differ-
ence in morphological characteristics of monocytes
and MDMs.
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Cytotoxicity Analysis

Giemsa staining

The microscopic nuclear stain Giemsa was used to an-
alyze the morphological characteristics of MDM cells
following treatment with LPS and LTA. The Giemsa
The
Giemsa stain stains the nucleus deep purple, while the

stain is commonly used to stain blood cells.

cytoplasm appears pink. For staining purposes, 1 x
10° cells/mL were seeded over sterile coverslips placed
in a 6-well plate. The cells, along with PMA, were in-
cubated at 37°C with 5% CO, for 24 hours. After in-
cubation, the cells were exposed to set concentrations
of LPS (0.25, 1, and 5 EU/mL) and LTA (0.1, 10, and
1000 pug/mL) for 24 hours. The next day, cells were
washed three times with sterile phosphate buffered
saline (PBS) and fixed using 4% formaldehyde for 15
minutes. The cells were washed again with PBS to
remove excess fixative. After fixation, the cells were
stained with 10% Giemsa for 5 minutes, then washed
three times with PBS. Morphologic analysis was done
using a compound microscope under 40x magnifica-
tion (Leica, Japan).

Rhodamine phalloidin staining

Morphological integrity of the cells was maintained
by actin, a highly organized structural protein that
provides mechanical strength to the cell cytoskele-
ton. Rhodamine phalloidine is a conjugate of the
non-fluorescent F-actin-binding protein, phalloidin,
and the red fluorescent compound, tetramethylrho-
damine. The stain shows an excitation/emission
wavelength of 540 nm-565 nm. Thus, rhodamine
phalloidine stains the actin filament with red fluores-
cence. For the assay, cells were taken at a density of 1 x
10°cells/mL, seeded over a coverslip placed in a 6-well
plate, and incubated overnight for attachment. After
24 hours of incubation, the cells were exposed to set
concentrations of LPS (0.25, 0.5, 1, 2, and 5 EU/mL)
and LTA (0.1, 1, 10, 100, and 1000 ttg/mL). Cells were
further incubated at 37°C with 5% CO, for 24 hours.
The following day, the cells were washed with PBS and
fixed using 4% formaldehyde for 10 minutes. Excess
aldehyde was quenched using 0.1 M glycine in PBS for
5 minutes. To permeabilize the cell membranes, 0.1%
Triton-X 100 (in PBS) was added. Permeabilized cells
were incubated with rhodamine-phalloidin (1:250 di-
lutions in PBS) for 15 minutes at room temperature.
The nucleus was counterstained with the blue fluores-
cent dye DAPI. Cells were thoroughly washed with
sterile PBS and were imaged under blue (461 nm) and
red (620 nm) fluorescence microscope filters (Axio
Scope.Al, Carl Zeiss, Germany).

MTT assay

The functional integrity of mitochondria is necessary
for maintaining the viability of living cells, and 3-
(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) is widely used to assess cell’s mito-
chondrial reduction potential, and therefore their vi-
ability. This method utilizes the principle of MTT ox-
idizing and reducing to an insoluble purple-colored
product, known as formazan. The intensity of the
purple color formed is directly proportional to the
number of active mitochondria in cells. For the assay,
cells were seeded into a 96-well plate at a density of 1 x
10%*cells/mL and incubated at 37°C with 5% CO, for
24h. After incubation, the cells were treated with set
concentrations of LPS (0.25, 0.5, 1, 2, and 5 EU/mL)
and LTA (0.1, 1, 10, 100, and 1000 peg/mL). Cells were
exposed to the toxicants for 24 hours, 48 hours, and
72 hours at 37°C with 5% CO,. After incubation, the
supernatant was removed, and 0.05 mg/mL of MTT
dye was added to each well. The plate was incubated
for 3 hours in the dark. Following incubation, the cells
were washed with PBS, and 100 L DMSO was added
to each well. The plate was again incubated in the dark
for 30 minutes at room temperature. The optical den-
sity of the purple color was measured at 540 nm using
ELx808 multiwell plate reader (BioTek Instruments,
USA). A graph was plotted as the percentage of mi-
tochondrial activity in treated cells compared to the
untreated control.

Neutral red uptake (NRU) assay

Lysosomes are phagocytic vesicles present inside the
cells. Phagocytosis of neutral red dye by healthy lyso-
somes indicates their functional integrity. Cellular vi-
ability following LPS and LTA treatment was analyzed
as a function of lysosomal activity. Cells at a density
of 1 x 10*cells/mL were cultured in a 96-well plate and
incubated at 37°C with 5% CO, for 24 hours. Af-
ter incubation, the cells were exposed to concentra-
tions of LPS (0.25, 0.5, 1, 2, and 5 EU/mL) and LTA
(0.1, 1, 10, 100, and 1000 pg/mL) for 24 hours, 48
hours, or 72 hours. The following day, the supernatant
was removed from each well, and 10 uL of 1% neu-
tral red dye was added. The cells were then incubated
in the dark for 3 hours. Following incubation, the
cells were washed with PBS, and the dye was solubi-
lized using 100 pL acid alcohol (1% [v/v] acetic acid
and 50% ethanol). Cells were agitated in a shaker in-
cubator for 30 minutes at 60 rpm. Absorbance was
measured at 540 nm using an ELx808 multiwell plate
reader (BioTek Instruments, USA).
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2'7'-Dichlorofluorescein diacetate assay

The fluorescent probe 2'7’-dichlorofluorescein diac-
etate (DCFH-DA) is used as an indicator of reactive
oxygen species (ROS) generation within cells. The
non-fluorescing DCFH-DA dye is freely permeable
through the cell membrane and undergoes deacetyla-
tion by intracellular esterase enzymes. The deacety-
lated 2’,7’-dichlorofluorescein (DCFH) oxidizes to
form a highly fluorescent green compound dichlo-
rofluorescein (DCF) by the action of ROS generated
inside the cells. Here, the presence of ROS inside the
cells following LPS and LTA exposure for a period of
1 hour, 3 hours, 24 hours, 48 hours, and 72 hours was
analyzed using DCFH-DA. Cells at a density of 1 x
10* cells/mL seeded in a 96-well plate were allowed
to attach overnight. Cells were exposed to concentra-
tions of LPS (0.25, 0.5, 1, 2, and 5 EU/mL) and LTA
(0.1, 1, 10, 100, and 1000 pg/mL) and incubated at
37°C with 5% CO; and 5 uM DCFH-DA for the re-
quired period of time. After incubation, the super-
natant medium was replaced with PBS. Fluorescence
intensity was measured using the Infinite F Nano+
and the Tecan fluorescence plate reader at an excita-
tion and emission wavelength of 485 nm and 530 nm,
respectively.

Griess reagent assay

The production of reactive nitrogen species (RNS)
was analyzed using a modified Griess assay. Naph-
thyl ethylenediamine dihydrochloride and sulphanil-
amide, which are present in the Griess reagent, re-
act with nitrite released from cells to form a purple
azo product. The absorbance of the product formed
is directly proportional to the number of RNS gener-
ated inside the cells. A 96-well plate was seeded with
cells at a density of 1 x 10*cells/mL and incubated at
37°C with 5% CO, overnight. The following day, af-
ter removing the supernatant medium, the cells were
treated with LPS (0.25, 0.5,1, 2, and 5 EU/mL) and
LTA (0.1, 1, 10, 100 and 1000 ug/mL) for 24 hours,
48 hours, or 72 hours. After incubation, 50 1L of su-
pernatant was taken from each well and mixed with
an equal volume of Griess reagent. The mixture was
allowed to stand at room temperature for 10 minutes.
Absorbance was measured at 540 nm using a multi-
well plate reader (BioTek, USA). The concentration
of nitrite released in the supernatant of treated cells
was calculated using a standard graph plotted using
sodium nitrite as a substrate because nitrite (NO27),
is one of two primary, stable and nonvolatile break-
down products of NO.
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Acridine orange (AO) fluorescent staining

Lysosomes are known as the suicide bags of living
cells. Destabilization of the lysosomal membrane
causes the release of vesicular hydrolytic enzymes into
the cytosol. AO is a DNA intercalating agent and a
cationic fluorochrome that diffuses through the cell
membrane. The fluorescence emitted by AO depends
on the pH of the medium. At an acidic pH, the dye
becomes protonated and emits an orange-red fluores-
cence, whereas, at an alkaline pH, it remains green
in color. Therefore, healthy lysosomes emit red flu-
orescence after staining with AO. For the assay, 5 x
10*cells/mL were seeded in a 6-well plate containing
sterile coverslips. Cells were incubated for 24 hours to
allow attachment to the coverslip. After incubation,
the cells were treated with LPS (0.25, 0.5, 1, 2, and 5
EU/mL) and LTA (0.1, 1, 10, 100m and 1000 pg/mL)
for 24 hours. The following day, live cells were stained
with 1 mL of AO solution (2 pg/mL in PBS) for 20
minutes at 37°C. For qualitative analysis of the lyso-
somes, an image was taken under green and red fluo-

rescent microscope filters (Axio scope Al, Carl Zeiss).

DilCI (5) fluorescence-activated cell sorting
(FACS) analysis

Analysis of mitochondrial membrane potential
(MMP) following exposure to LPS and LTA was
carried out using the MitoProbe™ DiIC1 (5) Assay
Kit. The kit provides red fluorescent cyanine dye
DiIC1 (5) (1,1',3,3,3',3'-hexamethylindodicarbo-
cyanine iodide) and an MMP distracting compound,
carbonyl cyanide 3-chlorophenylhydrazone (CCCP).
DiICI (5) dye specifically stains active mitochondria.
Therefore, a decrease in the intensity of DiICI (5)
fluorescence indicates a decrease in the number of
healthy mitochondria inside cells. Cells at a density
of 1 x 10%cells/mL were seeded in a 6-well plate and
incubated at 37°C with 5% CO; for 24 hours. The
cells were treated with selected concentrations of
LPS (1, 2, and 5 EU/mL) and LTA (10, 100, and 1000
ug/mL) for 24 hours. The following day, the cells
were harvested and centrifuged at 1200 rpm for 3
minutes. Cell pellets were washed three times with
sterile PBS. After washing, the cells were stained with
a 0.5 uM concentration of DilCI (5) for 30 minutes
at 37°C. The positive control had 1 uL CCCP added.
After incubation, cells were washed with PBS, and
FACS analysis was done under an excitation/emission
filter of 638nm to 658nm using a Beckman Coulter

flow cytometer.
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Fluorescence imaging by JC1 probe

Mitochondrial membrane potential was also ana-
lyzed with a fluorescent carbocyanine probe, JCI1
(5,5',6,6'-tetrachloro-1,1',3,3' -tetraethylbenzimi-

Mitochondria that
possess a specified range of membrane potential

dazolylcarbocyanine iodide).

emit red fluorescence after JCI staining. JCI is a
lipophilic dye that enters the mitochondria and
polymerizes to form J-aggregates, which, in turn,
emit red fluorescence. JCI emits green fluorescence
in the cytoplasm, where it exists as a J-monomer.
Cells were seeded at a density of 5 x 10* cells/mL
over sterile coverslips placed in a 6-well plate. The
confluent culture was then exposed to concentrations
of LPS (0.25, 1, and 5 EU/mL) and LTA (0.1, 10,
and 1000 pg/mL) for 24 hours. Following exposure,
cells were stained with 1 uM JC-1 dye at room
temperature for 20 minutes. After staining, cells
were washed three times with sterile PBS to remove
excess dye. JC1-stained mitochondria were observed
under a fluorescence microscope (Axio Scope.Al,
Carl Zeiss, Germany) using green and red filters.

Lactate dehydrogenase (LDH) release assay

LDH is a cytosolic enzyme involved in the carbo-
hydrate metabolism of almost all cells in the human
body. Any destruction of the plasma membrane re-
sults in will the release of LDH from inside the cells
into the extracellular medium. In this assay, the re-
lease of LDH into the extracellular medium follow-
ing exposure to LPS and LTA was analyzed using a
commercially available detection kit (CyQUANT™,
Thermofisher Scientific). The analysis is based on the
principle that LDH catalyzes the conversion of lac-
tate to pyruvate via the reduction of NAD ' to NADH.
Diaphorase enzymes use this NADH to reduce tetra-
zolium salt (INT) into a red-colored formazan prod-
uct measurable at 490 nm. The concentration of for-
mazan increases with an increase in the concentration
of LDH released into the extracellular medium. For
the assay, 1 x 10*cells/mL were seeded into a 96-well
plate and incubated overnight. Cells were then treated
with LPS (0.25, 0.5, 1, 2, and 5 EU/mL) and LTA (0.1,
1, 10, 100, and 1000 pg/mL) for 24 hours, 48 hours,
and 72 hours. After incubation, the cell culture super-
natant was aspirated from each well, and LDH release
was analyzed per the manufacturer’s instructions.

Live-dead assay by calcein-AM and propid-
ium iodide

The combination of calcein-AM and propidium io-
dide (PI) stains was used to assess the percentage of

live and dead cell populations in cultures following
exposure to LPS and LTA. Calcein-AM is permeable
through the cell membrane, and it forms a polyan-
ionic fluorescein derivative following hydrolysis by
intracellular esterase enzymes. Calcein-AM-stained
cells emit green fluorescence and are considered to be
viable. PI is a nucleophilic dye that stains the nuclei
of dead cells. PI can penetrate the cells with com-
promised plasma membranes and emit red fluores-
cence. In this assay, cells were seeded at a density of 1
x 109cells/mL over sterile coverslips placed in a 6-well
plate. The plate was incubated at 37°C for 24 hours.
The medium was removed the following day, and the
cells were treated with concentrations of LPS (0.25,
0.5, 1, 2,and 5 EU/mL) and LTA (0.1, 1, 10, 100, and
1000 pg/mL) for 24 hours, 48 hours, and 72 hours.
The supernatant medium was discarded, and the cells
were washed with sterile PBS. Calcein-AM (1 pg/mL)
was added to the wells, which were then incubated at
37°C for 40 minutes. The cells were then treated with
PI (2.5 uM) for 5 minutes. After staining, the cells
were washed with PBS and observed under green and
red fluorescence microscope filters (Axio Scope.Al,
Carl Zeiss, Germany). Quantitative analysis was car-
ried out by seeding cells in a 96-well plate at a density
of 1 x 10*cells/mL. The same staining procedure as de-
scribed above was carried out. Fluorescence was mea-
sured with a fluorescent microplate reader (Infinite F
Nano+, Tecan) using an excitation/emission filter of
485 nm to 595 nm.

Apoptosis by annexin V/PI staining

Annexin V/PI dual stains are widely used to detect the
apoptotic and necrotic stages of cell death following
exposure to test chemicals or compounds. Annexin
V selectively interacts with phosphatidylserine (PS),
which is located at the inner surface of the cell plasma
membrane. During apoptosis, PS flips from the intra-
cellular surface of the plasma membrane to the outer
surface. This flipping enables annexin V to interact
with PS. Therefore, annexin V only interacts with PS
in apoptotic cells, emitting green fluorescence. PI
stains the nuclei of dead or necrotic cells. Therefore,
cells undergoing necrotic death emit red fluorescence.
In the present study, this stain was carried out using
a commercially available assay kit, with the manufac-
turer’s instructions followed. Cells at a density5 of 1
x 109cells/mL were seeded in a 6-well plate and incu-
bated at 37°C with 5% CO, for 24 hours. After incu-
bation, cells were exposed to LPS (0.25, 0.5, 1, 2, and
5 EU/mL) and LTA (0.1, 1, 10, 100, and 1000 ptg/mL)
for 24 hours. The following day, the cells were har-
vested by trypsinization and centrifuged at 1200 rpm
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for 5 minutes. The cell pellets were washed three times
with cold PBS. After washing, the cells were stained
with 5 4L of annexin V in a 1X annexin binding buffer
(ABB) for 10 minutes. Five minutes before the analy-
sis, 1 L of PI (100 ug/L) was added to each tube. The
samples were kept on ice and immediately analyzed
using an image flow cytometer (Amnis’, FlowSight")
under fluorescence emissions of 530 nm and 575 nm.
Gating was done using specified controls: cells with
annexin V only, cells without annexin or PI, and cells
with PI only.

Analysis of Inmunological response

Cytokine gene expression using quantitative
real-time PCR

Quantitative real-time polymerase chain reactions
(qRT-PCR) were performed to analyze the expression
of cytokine genes in MDM cells following 24 hours
of exposure to LPS (1, 2, and 5 EU/mL) and LTA
(10, 100, and 1000 pg/mL). RNA was isolated from
treated and untreated cells using RNeasy Mini Kit
as per the manufacturer’s instructions. The concen-
tration of RNA was estimated with a BioPhotome-
ter (Eppendorf). RNA isolated from untreated con-
trols and treated samples were kept frozen at -20°C
until use. First-strand complementary DNA (cDNA)
was reverse transcribed from 200 ng of total RNA
using the reverse transcriptase core kit. Expressions
of IL-1f, TNF-a, nuclear factor-kappa b (NFxB),
and COX2 were analyzed using the Bio-Rad PCR sys-
tem. PCRs were performed using the following am-
plification program, initial denaturation at 95°C for
1 minute, 35 cycles of 3 seconds of denaturation at
95°C, 30 seconds annealing at 51°C - 62°C, and 15-
second extensions at 72°C. The program was termi-
nated following 10 minutes at 72°C. The reference
gene -actin (ACTB) was used to normalize the gene
expression data. Amplification of genes and data anal-
ysis were carried out using system software. Primer
sequences used for the PCR reactions are given in Ta-
ble 1.

Immunocytochemistry analysis of NFKB p65

Nuclear translocation of activated NFxB p65 in MDM
cells following LPS exposure was analyzed using a
fluorescence microscope. For fluorescence imaging,
1 x 10°cells/mL were seeded over a coverslip placed
in a single-well dish. Specific concentrations of LPS
(0.25, 0.5, 1, 2, and 5 EU/mL) were added to cor-
responding wells and incubated for 24 hours. Af-
ter LPS exposure, the cells were washed with PBS
and fixed with 4% formaldehyde for 5 minutes. Cells
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were then washed again with PBS and permeabilized
with Triton X100. Blocking of unwanted sites was
done using 1% bovine serum albumin (BSA). Cells
were then washed three times with PBS and incubated
overnight with an anti-NFkB p65 primary antibody
(1:500 dilution) at 4°C. After incubation, the cells
were washed another three times with PBS. Fluorescin
isothiocyanate-tagged (FITC-tagged) secondary anti-
bodies (1:500 dilution) were added, and the cells were
then kept at room temperature for 2 hours. Cells were
then washed with PBS, and the imaging was done un-
der a fluorescence microscope (Axio Scope). Actin fil-
aments and the nuclei of the cells were counterstained
with rhodamine phalloidine and DAPI, respectively.

Analysis of NFkB p65 activation by flow cy-
tometry

Activation of the NFkB pathway in MDM cells follow-
ing exposure to selected concentrations of LPS and
LTA was analyzed using an image flow cytometer. For
the analysis, cells at a density of 1 x 10%cells/mL were
seeded in a 6-well plate and incubated at 37°C with
5% CO, for 24 hours. The following day, cells were
treated with LPS (0.25, 1, and 5 EU/mL) and LTA
(0.1, 10, and 1000 pg/mL), for 24 hours. Untreated
cells served as the negative control. Treated and un-
treated cells were harvested from the wells and cen-
trifuged at 1200 rpm for 3 minutes. Cell pellets were
washed with sterile PBS. After washing, the cells were
fixed with 80% ethanol for 5 minutes. Permeabilza-
tion was done using 0.1% Triton X100. After perme-
abilization, the cells were washed three times with PBS
and incubated with an anti-NFkB p65 primary anti-
body (1:1000 dilution) overnight at 4°C. Cells were
washed again with sterile PBS and stained with the
FITC-tagged secondary antibody. After incubation at
room temperature for 2 hours, the cells were analyzed
for NFkB activation using a green laser.

COX2 activation by flow cytometry

Pyrogenic response following exposure to LPS and
LTA involves the release of PGs through the activa-
tion of the COX2 enzyme pathways. For the analysis,
1 x 106cells/mL were seeded in a 6-well plate and in-
cubated at 37°C with 5% CO,. The cells were treated
with LPS (0.25, 1, and 5 EU/mL) and LTA (0.1, 10,
and 1000 pg/mL) for 24 hours. Untreated cells served
as the negative control. Treated and untreated cells
were then centrifuged at 1200 rpm for 3 minutes, after
which the pellets were washed three times with sterile
PBS. After fixation with 80% ethanol, cells were per-
meabilized with 0.1% Triton X100 for 1 minute. Fol-
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Table 1: Primer sequences used for the PCR reactions

S.No Genes Primer Sequences

1 IL-1beta FP: 5-ATAAGCCCACTCTACAGCT-3’
RP: 5-ATTGGCCCTGAAAGGAGAGA-3’

2 TNF-« FP: 5-CAGAGGGAAGAGTTCCCCAG-3’
RP: 5-CCTTGGTCTGGTAGGAGACG-3’

3 NFkB FP: 5-CGCCGCTTAGGAGGGAGA-3’
RP: 5-AGGTATGGGCCATCTGCTGT-3’

4 COX2 FP: 5-TCATCAACACTGCCTCAATTC-3
RP: 5-CTCTGGATCTGGAACACTGA-3’

5 B-actin FP: 5-AACTACCTTCAACTCCATCA-3

RP: 5-GAGCAATGATCTTGATCTTCA-3’

lowing an additional PBS wash, the cells were incu-
bated with anti-COX2 primary antibody (1:1000 di-
lution) at 4°C for 24 hours. After incubation with
the primary antibody, the cells were stained with the
FITC-tagged secondary antibody. After incubation in
the dark at room temperature for 2 hours, FACS anal-
ysis was carried out using a green laser.

Statistical analysis

The experiment was done in triplicates. The results
of the MTT assay, neutral red uptake assay, ROS pro-
duction assay, nitrile radical release assay, LDH as-
say, calcein-AM/PI assay, and annexin-PI assay are
expressed as mean + standard deviation. Statistical
significance was calculated using a Student’s T-test. P-
values less than 0.05 were considered significant and
are denoted by *, p-values less than 0.01 are denoted
by **, p-values less than 0.001 are denoted by ***.

RESULTS

Differentiation and cellular morphology by
phase-contrast imaging

Differentiation of THP-1 monocytes to macrophages
was observed under a phase-contrast microscope.
The monocytes appeared to be round in morphol-
ogy and existed in a suspension. Almost all of
the cells (99%) were deemed to be of ideal size
and shape and treatment with the mitogen PMA
induced terminal differentiation of monocytes to
macrophages. MDM cells showed characteristic phe-
notypes of macrophages, with extended pseudopodia
and granular cytoplasms, and were attached to the
bottom of the culture dish. Cellular morphology be-
came uneven following differentiation, with cytoplas-
mic extensions evident. Differentiated macrophages
exhibited different sizes and shapes (Figure 1A).
Changes in cellular morphology following 24 hours of

exposure to LPS and LTA were analyzed using Giemsa
staining. It was noted that there was no character-
istic change in morphology or cell adhesion proper-
ties following 24 hours of exposure of LPS up to 5
EU/mL. Similarly, 0.1 to 100 pg/mL of LTA did not
affect the morphological characteristics of the MDM
cells. However, exposure of cells to 1000 ug/mL of
LTA caused a loss of cytoplasmic extensions, meaning
the cells appeared round in morphology (Figure 1B).

Cytoskeletal integrity by rhodamine phal-
loidin staining

The cytoskeletal protein actin was stained with rho-
damine phalloidine to assess its integrity. All un-
treated cells showed characteristic actin organization
and adhered to the cell culture dish. No cytoskeletal
rearrangement or actin destabilization was evident af-
ter 24 hours of exposure to 0.25 to 5 EU/mL of LPS
(Figure 1C). Similarly, LTA exposure of 0.1 to 100
ug/mL had no significant effect on actin organiza-
tion. However, LTA exposure of 1000 pg/mL caused
significant rearrangement of actin organization. This
resulted in the loss of characteristic cellular morphol-
ogy, and the cells became more fragile. Actin desta-
bilization led to the detachment of cells from the cul-
ture dish, with the morphology of the cells changing
to round in shape. A visible reduction in the number
of cells was observed following 1000 ug/mL of LTA
exposure for 24 hours (Figure 1D).

Mitochondrial activity by MTT assay

As shown in the graph Figure 2(I-A), it was observed
that LPS did not affect mitochondrial oxidation-
reduction activity regardless of the dose MDM cells
were exposed to. There was no significant reduction
in formazan crystal formation in cells treated with
0.25 to 5 EU/mL of LPS for 24 hours, 48 hours, or 72
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Figure 1: Analysis of monocyte differentiation and cellular morphology. A) Differentiation of THP-1 cells to
MDM cells using PMA for 48h; B) Giemsa staining for analysis of cellular morphology following 24h exposure with
LPS (0.25 EU/ml, 1 EU/ml, 5 EU/ml) and LTA (0.1 ig/ml, 10 rrg/ml, 1000 peg/ml). Scale bar 20 m, Magnification 40X.
Rhodamine phalloidine staining of MDM cells; C) i) Control, ii) LPS 0.25 EU/ml, iii) LPS 0.5 EU/ml|, iv) LPS1 EU/ml, v)
LPS 2 EU/m, vi) LPS 5 EU/mI; D) i) Control, ii) LTA 0.1 wg/ml, iii) LTA 1 pg/ml, iv) LTA 10 ng/ml, v) LTA 100 pg/ml, vi)
LTA 1000 pg/ml for 24h. Untreated cells were used as control. The scale bar represents 20 pm. Magnification 20X.

https://doi.org/10.6084/m9.figshare.16709176.v1

hours. The cellular mitochondrial function of LPS-
treated cells was highly comparable with that of un-
treated control cells. Mitochondria seemed to main-
tain normal levels of activity following exposure to
LTA up to 10 ug/mL for 24h. Compared to untreated
control cells, a statistically significant decrease in mi-
tochondrial activity was observed in cells exposed to
100 and 1000 pg/mL of LTA. This reduction in mi-
tochondrial activity was statistically significant (p <
0.001). When the exposure time to LTA increased
to 48 hours, a gradual, significant reduction in mito-
chondrial activity was observed for concentrations of
100 pg/mL (p < 0.01) and 1000 pug/mL (p < 0.001).
After 72 hours of exposure to LTA, a significant loss of
mitochondrial oxidation-reduction potential was ob-
served across all concentrations (0.1 to 1000 g/mL).
Following 72 hours of exposure, an almost 40% —
60% reduction was observed for concentrations of 100
ng/mL (43.04 £ 0.002, p < 0.1) and 1000 pg/ml (35.7
=+ 0.003, p < 0.01; Figure 2 [I-B]).

Lysosomal activity by neutral red uptake
assay

Functional activity of lysosomes was quantitatively
analyzed using a neutral red uptake assay for a period
of 24 to 72 hours. It was noted that LPS did not induce
a loss of lysosomal activity in MDM cells compared

4569

to negative control cells following 24 hours, 48 hours,
and 72 hours of exposure. However, 48 hours and
72 hours of exposure to a 2 EU/mL concentration of
LPS showed a statistically significant decrease in lyso-
somal activity (p < 0.05), despite more than 80% of
cells still being viable at this concentration (Figure 2
[I-C]). As in the MTT assay, 24 hours of exposure to
LTA caused a significant reduction in lysosomal activ-
ity at concentrations of 100 ug/mL (p < 0.05) and 1000
ug/mL (p <0.01). LTA exposure induced a decline in
lysosomal activity in a dose and time-dependent man-
ner. After 48 hours and 72 hours of exposure to LTA,
there was a drastic decline in the functional activity of
lysosomes at LTA concentrations of 100 pg/mL (p <
0.01) and 1000 pg/mL (p < 0.01). Exposure to 1000
ug/mL of LTA caused a loss of lysosomal activity in
47% of cells following 72 hours of exposure compared
to untreated cells (Figure 2[I-D]).

Free radical generation by DCFHDA assay

Quantitative analysis of DCFHDA fluorescence found
that LPS concentrations of 0.25 EU/mL to 5 EU/mL
were insufficient to induce oxidative stress in MDM
cells after up to 72 hours of exposure (Figure 2[II-
Al). However, LTA exposure had a positive effect on
ROS generation in a dose and time-dependent man-
ner. A significant increase in ROS was observed fol-
lowing 48 hours of LTA exposure at concentrations
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of 100 pug/mL (p < 0.01) and 1000 pug/mL (p < 0.01)
and after 72 hours of exposure at the same concen-
trations of 100 ug/mL (p < 0.001) and 1000 ug/mL
(p < 0.001). Incubation with the highest concentra-
tion of LTA (1000 pg/mL) resulted in a statistically
significant production of ROS after 3 hours (22986.6
=+ 801.30, p < 0.01). However, this increase became
non-significant after 24 hours (36928 £ 1317.5, p >
0.05). An increase in exposure to time to 72 hours re-
sulted in a significant induction of ROS generation,
even at the 10 ug/mL concentration of LTA (38224 +
2076.9, p < 0.01) (Figure 2[II- B]).

Nitrile radical release by Griess assay

Griess assay was used to estimate RNS production
in LPS-treated and LTA-treated cells. Figure 2(II-C)
shows that there was no stress-induced release of ni-
trile radicals following LPS exposure for 24 hours, 48
hours, and 72 hours. Graphs of all LPS concentra-
tions are comparable with the results of the untreated
control cells. An LTA exposure concentration of 100
ug/mL resulted in a significant increase in nitrile rad-
ical production after 48 hours (p < 0.05) and 72 hours
(p < 0.05) of exposure. Regarding the difference in
LTA concentrations, following 48 hours of LTA expo-
sure, a significant increase in nitrile radical produc-
tion was found at concentrations of 100 pg/mL (14.21
=+ 0.0007, p < 0.05) and 1000 pg/ml (26.71 = 0.096,
p < 0.01). Following 72 hours of LTA exposure, the
concentration of NO produced at an LTA concentra-
tion of 100 pg/mL (13.57 £ 0.012) was similar to the
value obtained after 48 hours of exposure to the same
concentration. However, at the 1000 ptg/mL concen-
tration, a significant increase in the concentration of
NO produced was observed (32.78 + 0.08, p < 0.01;
Figure 2[II-D]).

Lysosomal integrity by AO staining

AO emits red fluorescence from active lysosomes.
When there is a loss of lysosomal membrane integrity,
lysosomal contents may flow from the vesicles to the
cytoplasm. As shown in Figure 3A, it was observed
that there was no lysosomal destabilization following
24 hours of exposure to 0.25 EU/mL to 5 EU/mL of
LPS, with all cellular lysosomes emitting red fluores-
cence and, therefore, having intact lysosomal mem-
branes. However, exposure of MDM cells to LTA
caused a dose-dependent reduction in red fluores-
cence compared to untreated control cells. The num-
ber of green fluorescent cells increased following ex-
posure to LTA concentrations of 100 ptg/mL and 1000
pg/mL. A reduction in red fluorescence indicates that
the lysosomal membrane was destabilized in LTA-
treated cells, as can be seen in Figure 3B (v, vi).
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Fluorescence imaging of MMP using JC1
dye

Disruption in cellular MMP was analyzed using a JC1
fluorescent probe following 24 hours of exposure to
LPS and LTA. Cells with active MMP emit red fluo-
rescence, while the JC1 dye emits green fluorescence
when there is a loss of MMP. It was observed that
there was no change in the MMP of MDM cells fol-
lowing exposure to 0.25, 1, and 5 EU/mL of LPS. Cel-
lular mitochondria were found to be viable with ac-
tive membrane potential, with the emission of red flu-
orescence representing the formation of J-aggregates
inside the cells (Figure 4A). Low concentrations of
LTA (0.1 and 10 pg/mL) also had no deteriorating ef-
fects on MMP. However, 24 hours of exposure to 1000
ug/mL of LTA resulted in a reduction of red fluores-
cence an increase of green fluorescence, indicating the
loss of MMP, as shown in Figure 4A.

FACS analysis of MMP by DilC1 (5) assay

In healthy living cells, the maintenance of MMP in
a narrow range is crucial for the production of ATP
and associated cellular viability. Along with JC1 fluo-
rescent imaging, the present study evaluated the loss
of MMP following exposure to LPS and LTA using a
DilCI (5) fluorescent probe. It was observed cells ex-
posed to 1 EU/mL of LPS showed similar fluorescent
intensity as the untreated control cells. However, in
cells exposed to 2 EU/mL and 5 EU/mL concentra-
tions of LPS, the DiIC1 (5) fluorescence shifted to-
wards the left of negative control, indicating a slight
reduction in the MMP of treated cells (Figure 4B).
The graph of DiICl (5) following exposure to 10
ug/mLand 100 ug/mL of LTA shows similar results to
those observed following JC1, namely that the treated
cells were viable with active MMP. However, expo-
sure to 1000 pg/mL of LTA induced a loss of MMP in
more than 80% of cells, resulted in a shift in the inten-
sity of DilC1 (5) fluorescence towards that seen in the
positive control. As shown in Figure 4B, only 20% of
cells had active MMP that remained comparable with
the untreated control cells following exposure to 1000
ug/mL of LTA.

Lactate dehydrogenase release assay

A loss of cell membrane integrity and the release of
LDH into the extracellular matrix was analyzed us-
ing the CyCOUNT LDH release assay. No significant
loss of membrane integrity or release of LDH was ob-
served following 24 hours and 48 hours of exposure
to 0.25 EU/mL to 5 EU/mL of LPS. When the time
of exposure increased to 72 hour, there was a signif-
icant increase in LDH release at LPS concentrations
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A)

Figure 3: AO staining for analysis of lysosomal integrity. A) Lysosomal membrane integrity after exposure
to LPS (i) Control, (i) LPS 0.25 EU/ml|, (iii), LPS 0.5 EU/ml], (iv) LPS 1 EU/ml, (v) LPS 2 EU/m, (vi) LPS 5 EU/mI; B)
Lysosomal membrane integrity after exposure to LTA (i) Control, (ii) LTA (0.1 pg/ml), (iii) LTA 1 pg/ml, (iv) LTA 10
ug/ml, (v) LTA 100 pg/ml, (vi) LTA 1000 pg/ml for 24h. Scale bar 20 um. Magnification 20X. Red fluorescence-
Lysosomes. https://doi.org/10.6084/m9.figshare.16713163.v1

of 2 EU/mL (p < 0.05) and 5 EU/mL (p < 0.05; Fig-
ure 5A). Like LPS, LTA exposure up to concentra-
tions of 10 ug/mL had no significant impact on cell
membrane integrity and associated LDH release, re-
gardless of the exposure period. LDH release was ob-
served following 24 hours of exposure to 100 pg/mL
of LTA and increased in a time-dependent manner.
An LTA concentration 1000 pg/mL was cytotoxic de-
pending on time, showing significant impacts after 24
hours (p <0.001) and 72 hours (p < 0.001) of exposure
(Figure 5B).

Calcein AM/PI assay

The calcein-AM/PI dual staining method was em-
ployed to detect the alive and dead MDM cells fol-
lowing up to 3 days of LPS and LTA with time in-
tervals of 24 hours. As shown in Figure 5C, no sig-

nificant difference in the fluorescent intensity follow-
ing LPS exposure was observed compared to the un-
treated control. Exposure of LPS to MDM cells did
not induce a loss of membrane integrity or increase
permeabilization to PI. There was no substantial re-
duction in calcein-AM signaling even after 24 hours
(3.74 £ 0.22) and 48 hours (3.59 £ 0.19) of exposure
to 5 EU/mL of LPS. However, a significant reduction
in the ratio of calcein-AM to PI fluorescence following
72 hours of exposure to 5 EU/mL of LPS was observed
(3.18 £0.12, p < 0.01). Contrary to exposure to LPS,
LTA exposure was toxic, as seen in the other assay re-
sults. Exposure to increasing concentrations of LTA
resulted in a corresponding decrease in the fluores-
cence ratio and elicited significant membrane perme-
abilization in MDM cells. Reduction in the number
of live cells was observed after 72 hours of exposure
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Figure 4: Analysis of mitochondrial membrane potential. A) MMP analysis in MDM cells using JC1 fluorescent
probe after exposure with LPS and LTA. Red fluorescence indicates J-aggregates. Scale bar 20 um, Magnification
20X. B) FACS analysis in MDM cells using DilC1 (5) fluorescence probe following exposure with LPS and LTA. https:
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to 1 ug/mL of LPS. The ratio of live and dead cells fol-
lowing 24 hours and 48 hours of exposure remained
comparable with the untreated control. Exposure to
10, 100, and 1000 pg/mL of LTA increased the ratio of
PI-positive cells in a time-dependent manner. These
results suggest an exponential increase in the number
of dead cells in all three exposure periods for LTA.
The reduction was significant following 72 hours of
exposure for concentrations of 100 pg/mL (p < 0.01)
and 1000 pug/mL (p < 0.001; Figure 5D). Fluorescent
imaging results of the calcein-AM/PI stains are de-
picted in Figure 5E. Following 24 hours of exposure to
0.25, 1, and 5 EU/mL of LPS, the majority of calcein-
AM-stained cells were found to emit green fluores-
cence. Furthermore, 80% of cells appeared viable fol-
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lowing 24 hours of exposure to 0.1 and 10 pg/mL of
LTA. However, the number of PI-positive cells ap-
peared to increase following exposure to 1000 pg/mL
of LTA.

Annexin V/Pl apoptosis assay

The induction of apoptosis and necrosis in MDM
cells was assessed following 24 hours of exposure to
LPS and LTA, using annexin V-FITC flow cytome-
try. From this analysis, it was noted that 89.54% of
cells in the untreated control were unstained and vi-
able. Similarly, more than 85% of cells were found
in the lower left quadrant of the gated population af-
ter 24 hours of exposure with 0.25 to 5 EU/mL of
LPS, indicating the absence of apoptotic or necrotic
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death induction in LPS-treated cells. Less than 2.5%
of cells were found to be in the early (Annexin [+]
PI [-]) and late (Annexin [+] PI [+]) apoptotic stages.
Even at the highest concentration of LPS, only 1.5%
of cells entered into the necrotic (Annexin [-] PI [+])
stage of cell death (Figure 6A). Exposure for 24 hours
to 0.1 to 100 ug/mL of LTA did not induce signifi-
cant apoptotic or necrotic cell death in MDM cells.
Approximately 80% of treated cells were found to be
unstained after up to 100 ug/mL of LTA treatment.
However, the proportion of apoptotic and necrotic
cells increased in a dose-dependent manner, with the
percentage of apoptotic cells increasing from 7% to
10% and necrotic cells increasing from 0.8% to 4%.
At a concentration of 1000 ug/mL of LTA, the viable
cell number was reduced to 69.52%. It was observed
that 16.99% of cells were in the early apoptotic stage
of cell death (Annexin [+] PI [-]), 6% were in the late
apoptotic stage (Annexin [+] PI [+]), and 8% were in
the necrotic stage (Annexin[-] PI [+]; Figure 6B). The
percentage of cells in each stage following exposure
to LPS and LTA are shown in Figure 6C-D, respec-
tively. The images showing early apoptotic, late apop-
totic, and necrotic stages of cell death were visualized
in channels 2 and 5 of the flow cytometer as green, red,
and green + red fluorescence.
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Gene expression by qRT-PCR

The expression of genes involved in the immune sig-
naling mechanism following LPS and LTA exposure
was analyzed using the qQRT-PCR technique. NFxB
genes that regulate the transcription of inflammatory
cytokines, COX2 genes responsible for the synthe-
sis of PGs, and genes encoding IL-1f3 and TNF-a
were quantified following 24 hours of exposure to LPS
(1, 2a, and 5 EU/mL) and LTA (10, 100, and 1000
ug/mL). It was observed that 24 hours of exposure to
select concentrations of LPS caused a dose-dependent
increase in the expression of NFxB, COX2, and IL-
1B in MDM cells. The expression of NFxB following
exposure to 2 and 5 EU/mL of LPS was significantly
increased (p < 0.01). COX2 expression was also sig-
nificantly increased at the same concentrations (p <
0.05). A 4 to 16-fold increase in IL-1f expression was
observed after exposure to 1, 2, and 5 EU/mL of LPS.
However, the expression of TNF- was similar to that
of the untreated control (Figure 7[A-I]). LTA expo-
sure resulted in a marked increase in the expression
of all four inflammation-associated genes. A dose-
dependent increase in the expression of NFxB, IL-1f3,
and TNF-o was observed following LTA exposure. A
6-fold increase in COX2 expression was observed fol-
lowing exposure to 100 pg/mL of LTA, and a 7-fold
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increase in TNF-a expression was observed following
exposure to 1000 pg/mL (Figure 7A [II]).

Immunocytochemistry for nuclear translo-
cation of NFkB

LPS-induced activation and nuclear translocation of
NFxB were analyzed by immunocytochemistry analy-
sis (ICC) using a fluorescent microscope (Axioscope).
The cells were counterstained with cytopainter (red),
and the nuclei were stained with DAPI (blue). An in-
crease in the intensity of green fluorescence of FITC-
labeled anti-NFkB cells was observed following expo-
sure to 2 and 5 EU/mL of LPS. In addition, translo-
cation of cytoplasmic NFkB to the nuclei was visible

through imaging as green spots inside the nuclei fol-
lowing exposure to 5 EU/mL of LPS (Figure 7B).

NFkB activation by FACS analysis

The interaction of LPS and LTA with specific recep-
tors on immune cells activates inflammation signals.
The signal transmission involves adaptor molecules
and the activation of transcription factors, including
NFkB. From the FACS analysis, it was found that LPS
and LTA induced NFxB activation in THP-1 cells in
a dose-dependent manner. Following the exposure of
cells to LPS, activation of NFkB was detected at a rate
of 3.0% (1 EU/mL), 4.97% (2 EU/mL), and 13.2% (5
EU/mL). Following exposure to LTA, the cells showed
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NFkB activation rates of 29.8% (10 ug/mL), 52.8%
(100 pg/mL), and 82.3% (1000 pg/mL; Figure 8A).

COX2 activation by FACS analysis

COX is an enzyme involved in the synthesis of PGs.
PGs act as mediators of pyrogenic responses in the
CNS. It was observed that 5 EU/mL of LPS induced
significant activation of COX2 in treated cells. How-
ever, compared to untreated control cells, the percent-
age of cells exhibiting COX2 activation was low after
exposure to 1 and 2 EU/mL of LPS . Exposure to
LTA (10, 100, and 1000 pg/mL) did not induce COX2
signals in treated cells compared to untreated control
cells. As shown in Figure 8B, there was no charac-
teristic shift of fluorescence towards the right of the
negative control in treated cells following LTA expo-
sure.
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DISCUSSION

Pyrogenic contamination in parenteral products may
cause moderate to severe health complications in hu-
mans and animals. Activation of immune cells by ex-
ogenous pyrogens leads to the induction of inflam-
mation and the release of pyrogenic cytokines. Pyro-
genic cytokines such as IL-1f, IL-6, and TNF- are
mediators of fever and febrile reactions in humans.
During pyrogenic interaction, PGs are released from
the thermoregulatory center of the hypothalamus and
are associated with the induction of fever and febrile
reactions ®, Immune cells, particularly monocytes
and macrophages, are the key mediators of the innate
immune system and are involved in the phagocyto-
sis and the elimination of foreign particles. Depend-

ing upon the inflammatory response, monocytes may
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differentiate into macrophages and migrate to vari-
ous organs and tissues. Loss of activity or death of
these monocytes and macrophages negatively affects
the normal homeostasis of the immune system, lead-
ing to serious human health issues. LPS and LTA are
the most common bacterial pyrogenic contaminators
seen in biological preparations. For assessing the cy-
totoxicity of biological and chemical toxicants, under-
standing the normal function of cellular organelles is
essential. Since mitochondria function as the pow-
erhouse of a cell, any change in membrane poten-
tial or in the oxidation-reduction pathway may re-
sult in a loss of cell viability. In the present study,
THP-1 cells served as a model for monocytes and
MDM cells. Inflammation usually induces monocytes
to differentiate to the characteristic M1 phenotype,
whereas anti-inflammatory signals stimulate differen-
tiation into the M2 phenotype. Therefore, monocyte
differentiation alters the cell’s morphological charac-
teristics, adherence properties, and inflammatory re-
sponses 1.

MTT and neutral red assays were carried out to as-
sess organelle function regarding mitochondrial re-
duction potential and lysosomal dye uptake. It was
observed that regardless of concentration, LPS had
no significant effect on the mitochondrial oxidation-
reduction potential and lysosomal phagocytic poten-
tial of MDM cells.
observed under rhodamine-phalloidin and Giemsa

Morphological characteristics

staining also indicated a non-toxic impact of LPS on
cell morphology and membrane integrity. Similar to
those observations, it was also found that LPS was
non-cytotoxic to human airway epithelial cells at low
concentrations. Previous studies have noted that LPS-
mediated cytotoxicity in monocytes required long-
term exposure for a period of more than 72 hours 12,
Pyrogenic responses by gram-positive bacteria rely
In the
present study, LTA, acquired from Bacillus subtilis,

on the LTA component of their cell walls.

displayed cytotoxicity in a dose and time-dependent
manner. There was a significant loss of mitochondrial
and lysosomal activity in MDM cells within 48 to 72
hours of LTA exposure. At higher concentrations of
LTA exposure, cellular actin filament organization be-
came disrupted and detached from the culture plate.
Rounding of cells and the loss of the characteristic
macrophage extensions indicated impairment of the
actin filaments and membrane destabilization. The
presence of serum in cell culture media has been pre-
viously reported as playing a prominent role in the cy-
totoxicity of LTA derived from Streptococcus pyogens
in mouse fibroblast monolayers. As per the studies of

Leon and Panos, the toxic effect of LTA has been re-
ported to be associated with the inhibition of collagen
synthesis and cell membrane destabilization !3.

Free radicals are highly reactive, unstable atomic
species that contain an unpaired electron in their out-
ermost orbital. The generation and propagation of
free radicals is linked to various diseases and aging
in humans. Inflammation and free radical generation
are both associated with exogenous pyrogen exposure
and can lead to apoptotic or stress-induced death of
immune cells. Spitzer et al. (2020) reported oxidative
stress induction in rodent mammary glands after in
vivo administration of E. Coli LPS. LPS can activate
superoxide dismutase 1 (Sodl) and NQOI enzymes
to increase the release of HyO, inside the cell'4. In
the present study, the selected concentrations of LPS
were insufficient to cause any free radical genera-
tion and oxidative stress in MDM cells, even after 72
hours of exposure. There have been reports of time-
dependent death of mixed neuronal-glial cells by LTA
derived from Staphylococcus aureus. However, the
proliferation of glial and astrocyte cells has also been
reported after 72 hours of incubation with LTA, with
it being noted that short-term exposure to LTA was
insufficient to induce direct cellular toxicity in neu-
ronal cells. The coordinated release of inflammatory
cytokines from astrocytes and nitrile radicals from
microglia leads to stress-induced neuronal cell death.
Previous studies have found evidence that nitrile rad-
icals and the associated superoxide anion production
play significant roles in the LTA-mediated toxicity of
neuronal cells'®>. 'The present study observed that
LTA induced time and dose-dependent hydroxyl and
nitrile radical generation in MDM cells. Long-term
exposure to as little as 10 pg/mL of LTA caused a
significant rise in the hydroxyl radical production in
MDM cells. Oxidative stress ultimately leads to cel-
lular death when ROS production exceeds the resis-
tance provided by the antioxidant defense mechanism
of cells. Previous studies have reported that LTA is
capable of inducing oxidative stress in heart-derived
H9c2 myogenic cells, with a significant reduction in
the expression of the antioxidant enzymes superoxide
dismutase, catalase, and glutathione peroxidase seen
in the cells. LTA also activates inflammatory pathways
through the induction of p38 and the JNK pathway '°.
MMP is maintained in a narrow range to keep the
critical cellular processes of cellular respiration and
ATP generation functioning. Loss of MMP results
in a sudden drop in cellular ATP level and, conse-
quently, cell death. The present study found that the
MMP of THP-1 cells was not affected by 72 hours of
exposure to LPS concentrations of 0.25 to 5 EU/mL.
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The orange-red fluorescence observed in JCI staining
also confirmed the presence of active MMP in LPS-
treated MDM cells.
LPS were, therefore, insufficient to cause mitochon-

The selected concentrations of

drial dysfunction and reduction in MMP. However,
mitochondrial fragmentation, metabolic shifts, ROS
production, and increased MMP in microglial cells
following 24 hours of exposure to LPS have been pre-
viously associated with NFkB and MAPK-activated
metabolic reprogramming in microglial cells. The
pro-inflammatory state of these microglial cells has
been associated with mitochondrial fission and in-
creased production of ROS and RNS!7. Mitochon-
drial dysfunction associated with bacterial sepsis is a
critical event in inflammatory injury and cell death.
In the present study, LTA exposure led to a dose-
dependent loss of MMP in THP-1 cells. The co-
ordinated action of the ATP synthase complex, cy-
tochrome ¢, and membrane anchoring proteins is in-
volved in MMP regulation in cells. Toll-like receptor
2 (TLR2) mediated signaling, which is associated with
bacterial sepsis, plays a role in intracellular HyO, and
mitochondrial O2 production. It has been reported
that LTA can induce the release of cytochrome c and
can, therefore, be associated with the loss of MMP in
H9c2 cells'8. ATP depletion and the ensuing associ-
ated acidosis, the release of cytochrome ¢, and the dys-
function of electron transferring protein complexes in
the electron transport chain can create instability in
MMP.

Lysosomes mediate autophagy, exocytosis, and degra-
dation of cellular components and are necessary
for the proper functioning of immune cells. Lyso-
somes act as the crossroad for various metabolic and
catabolic functions. As lysosomes have an essential
role in cell survival, previous research has focused on
lysosomes as therapeutic targets for multiple diseases.
Lysosomal membrane destabilization and the subse-
quent release of hydrolytic enzymes into the cytosol
activates the lysosome-dependent death pathway. The
present study observed that LPS concentrations up
to 5 EU/mL did not induce lysosomal membrane
LPS interaction with TLR4 recep-
tors activates signaling through TRIF (TIR-domain-

destabilization.

containing adaptor-inducing interferon-3), resulting
in the apoptotic death of macrophages principally

through lysosomal dysfunction®®.

In the present
study, lysosomal membrane destabilization was ob-
served using AO staining following 24 hours of ex-
posure to LTA. The results correlate with those seen
in the neutral red assay, where the phagocytic poten-
tial of lysosomes was significantly affected in a dose

and time-dependent manner. Bacterial exotoxins

4579

form membrane pores when exposed to acidic pHs,
which, in turn, drives these toxins into the lysosomes.
Exotoxin-mediated oxidative stress releases ROS and
RNS. Diffusion of these ROS into lysosomes results
in lipid peroxidation and membrane destabilization.
Lysosomal membrane permeabilization is considered
the primary or secondary route of cell death executed
via apoptotic or necrotic mechanisms??. The present
study investigated the ability of endotoxins and exo-
toxins to induce apoptotic or necrotic death using the
dual fluorescent probe annexin V/PL. LPS and LTA
were found to induce apoptosis in THP-1 MDM cells.
Klein et al. (2001) reported the LPS-mediated inhi-
bition of apoptosis in human neutrophils through the
extracellular regulated kinase pathway. Recent stud-
ies have also found no significant indication of phos-
phatidylserine externalization following exposure to
LPS in THP-1 cells?!. In the present study, the high-
est concentration of LTA was found to cause apop-
totic cell death in THP-1 cells. A recent study examin-
ing LTA-induced apoptosis in microglial cells through
the augmented activation of the inducible nitric oxide
synthase enzyme supports this finding 2.

Interaction of LPS with TLR4 present on monocytes
and macrophages initiates various inflammatory sig-
naling pathways. Transduction of TLR4 signaling is
dependent on adaptor molecules such as MyD88 and
TRIF-TRAM. TLR4 signaling via adaptor molecules
initiates pro-inflammatory gene expression. NFxB is
the most recognized and studied transcription fac-
tor involved in LPS-TLR4 inflammation signaling.
Phosphorylation of the p65 subunit of NFkB plays
a crucial role in the activation, translocation, and
specificity of downstream signaling. Translocation
of cytosolic NFkB to the nucleus is required for the
active expression of the pro-inflammatory cytokine
genes. However, phosphorylation of p65 and, there-
fore, the translocation of NFkB depends on the con-
centration and strength of LPS-TLR4 binding?3. In
the present study, immunocytochemistry analysis of
MDM cells following LPS treatment showed a dose-
dependent increase in NFkB activation. Therefore,
LPS, even at nanogram concentrations, is capable of
inducing NFxB translocation in MDM cells. Fur-
thermore, the present study found that LPS inter-
acts with TLR and IL-1 superfamily receptors to en-
able the transduction of signals to immune cells. The
IL-1 family of cytokines convey inflammatory signals
through MyD88, IRAK, IRAK2, and TRAF6 adaptor
molecules for the activation of NFxB. LPS utilizes a
similar pathway in THP-1 cells. LPS-mediated NFxB
activation induces the production and release of IL-
1B, IL-6, and TNF-q, eventually leading to a pyro-

genic response in humans 4.
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Inflammation induced by LTA occurs following a
cascade of phosphorylation and dephosphorylation
LTA can in-
duce the expression of nitric oxide synthase enzyme

of kinase enzymes in immune cells.

(iNOS) and the subsequent release of NO radicals in
macrophages. Expression of iNOS in macrophages
is linked with protein kinase C-mediated NFxB ac-
tivation2>. Instead of TLR4 in LPS inflammation,
LTA transmits inflammatory signals via TLR2 re-
ceptors. In vivo studies, using mice models, con-
ducted with LTA derived from Streptococcus pneu-
monia demonstrated the role of TLR2-mediated ac-
tivation in neutrophil influx and inflammatory cy-
tokine release?®. LTA-TLR2 receptor interaction
in macrophage cells activates the tyrosine kinase,
PI3K/Akt, and p38 MAPK signaling pathways. Ac-
tivated kinases can cause a marked increase in NFxB-
DNA-
protein complex formation is an indicator of translo-

specific DNA-protein complex formation.

cated NFxB, which, in turn, promotes the transcrip-
tion of iNOS and pro-inflammatory cytokine genes?’.
The present study detected a dose-dependent activa-
tion of NFxB in THP-1 cells exposed to LTA, suggest-
ing a possible immunotoxic potential of bacterial ex-
otoxins in human monocytes.

Pathogenic contamination during medical proce-
dures can lead to multi-organ failure and death in
patients due to septic shock. Septic shock is ini-
tiated preliminarily as inflammation, followed by
the activation of NFxB and COX2. Previous stud-
ies have reported COX2 activation following expo-
sure to LPS in mouse transformed Clara cells28,
RAW264.7 macrophages”, IEC-6 cells3?, and hu-
man neutrophils3!. COX2 expression induces mul-
tiple responses in different cells. Reports of COX2 ac-
tivation strongly support LPS-induced immune acti-
vation in various cell types. There are various adaptor
molecules for COX2 activation following LPS expo-
sure. COX2 activation involves the phosphorylation
of MAPK proteins, JNK, p38, and/or ERK, and the ac-
tivation of Tpl2-dependent CREB and NFxB. COX2
activation eventually leads to the release of PGE2,
Thromboxane A2, and pro-inflammatory cytokines.
Expression of NFxB, COX2, and inflammatory cy-
tokines in THP-1 cells following LPS exposure sug-
gests the potential for low concentrations of LPS to
activate the immune response in THP-1 cells. How-
ever, the same low concentrations do not show a di-
rect cytotoxic effect. Similar to LPS, LTA also induced
increased expression of COX2 in THP-1 cells. How-
ever, the present study failed to identify specific acti-
vations of COX2 signals in both LPS and LTA-treated

cells. LTA can interact with the CD14 receptor and ac-
tivate NFxB-mediated inflammation signaling. Neu-
ronal inflammation induced by bacterial toxins has
been reported in rat cortical neuronal cells. It has also
been previously reported that LTA can activate COX2
and PGE2 synthesis through PTK, PC-PLC, PI-PLC,
and ERK pathways32. Similarly, cytosolic phospholi-
pase A2 (cPLA2), COX-2, PGE2, and IL-6 have been
found to be elevated in LTA-exposed human tracheal
smooth muscle cells. LTA interacts with TLR2 recep-
tors and activates NFxB through MyD88, PI3K, Racl,
Akt, and MAPK pathways, ultimately resulting in in-
flammation signaling 33.

Even though the in vitro system interacts and re-
sponds to pyrogenic contaminations, results of in
vitro system studies are not comparable with those of
in vivo system studies, as cancerous cell lines, such as
THP-1, are somewhat resistant to toxic interactions
with LPS and LTA. The concentrations of LPS that can
cause severe life-threatening reactions in an in vivo
system are non-toxic to THP-1 and MDM cells. Sim-
ilarly, concentrations of LTA above 10 ptg/mL can in-
duce a direct toxic response to THP-1 cells. The in-
teraction of cells in an in vitro system differs from the
interaction of cells, organs, and systems of living sub-
jects during an in vivo inflammatory reaction. Con-
sidering these limitations, the present study highlights
that selective inhibitors of NFxB, COX2, and pyro-
genic cytokines may be promising factors for treat-
ing and preventing pyrogen-induced episodes of fever
and febrile reactions in humans.

CONCLUSIONS

LPS and LTA are the most potent pyrogens of bac-
terial origin. LPS and LTA, even at nanogram con-
centrations, are capable of inducing a pyrogenic re-
sponse in humans. Pyrogenic cytokines such as IL-
1B, IL-6, and TNEF-o synergistically act at the ther-
moregulatory center of the hypothalamus and induce
fever and febrile reactions. The present study inves-
tigated the cellular and immunological response of
THP-1 cells after exposure to LPS and LTA. The se-
lected concentrations of LPS were insufficient to cause
direct cytotoxicity to THP-1 and MDM cells. How-
ever, LTA exposure led to a significant loss of or-
ganelle function and membrane integrity in a dose
and time-dependent manner. Free radical generation,
lysosomal destabilization, and the induction of apop-
totic cell death are the principal factors behind LTA-
mediated toxicity in monocytes. The expression of
genes involved in the inflammatory pathway and py-
rogenic cytokines were augmented in both LPS and
LTA-treated cells. The present study found that even
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nanogram concentrations of LPS and LTA can cause
immune activation in THP-1 and MDM cells with-
out overt cytotoxicity. An interconnected cellular and
cytokine signaling network is, therefore, necessary to
elicit a profound immune response in a living system.

ABBREVIATIONS

AO: Acridine Orange

CCCP: cyanide 3-chlorophenylhydrazone

CNS: central nervous system

COX: cyclooxygenase

DCFH-DA: 2'7-dichlorofluorescein diacetate
DiIC1(5): 1,1,3,3,3,3/-hexamethylindodicarbo-
cyanine iodide

E. Coli: Escherichia coli

FITC: Fluorescin isothiocyanate

IL-1f interleukin-1beta

IL-6: interleukin-6

JC1: 5,5',6,6-tetrachloro-1,1’,3,3'- tetraethylbenzimi-
dazolylcarbocyanine iodide

LDH: Lactate Dehydrogenase

LPS: Lipopolysaccharides

LTA: Lipoteichoic acid

MDMs: monocyte-derived macrophages
MMP: Mitochondrial membrane potential
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NFKB: nuclear factor-kappa b

PG: prostaglandin

PI: Propidium Iodide

PMA: Phorbol 12-myristate 13-acetate

POA: pre-optic area of the anterior hypothalamus
PS: Phosphatidyl serine

qRTPCR: Quantitative real-time polymerase chain
reactions

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

TNF-a: tumor necrosis factor-alpha
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