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Triclosan (TCS) is widely used in cosmetics and healthcare industry as a broad‐spectrum antibacterial agent.
The lipophilic property and persistent nature of TCS has led to severe health issues. In the present study, we
have evaluated the neuroinflammatory effect of TCS on mouse Neuro‐2a cells. Initial investigation confirmed
a dose‐dependent loss in viability and morphology of cells in presence of TCS. The transcription and translation
studies confirmed a downregulation in the expression of autophagy markers in Neuro‐2a cells. The confocal
microscopy study revealed that the abrogated autophagy in TCS‐treated cells occurred due to loss in the autop-
hagy flux and prevention in the lipidation of autophagosome bilayer. The fluorescence microscopy also con-
firmed a loss in the formation of autophagolysosomes in neuronal cells with increasing TCS concentrations.
TCS treatment resulted in loss of mitochondrial integrity in cells as evidenced by a decrease in mitochondrial
membrane potential in JC‐1 staining. Further, the transcriptional and translational studies confirmed the acti-
vation of TNF‐α signaling pathway in TCS‐treated cells thus enhancing the expression of RIPK1, RIPK3 and
MLKL proteins and their phosphorylated forms. TCS was also found to increase the tau protein pathogenesis
in Neuro‐2a cells, which alludes to the development of tau‐associated neurodegeneration. Altogether, this
study confirms the neuroinflammatory actions of TCS in Neuro‐2a cells involving a TNF‐α‐induced MLKL‐
mediated signaling.
1. Introduction

Triclosan (2,4,40‐trichloro‐20‐hydroxydiphenyl ether, TCS) is a syn-
thetic, lipid‐soluble antimicrobial agent that was first employed in the
healthcare industry in surgical scrubs and in handwashing before sur-
gery to prevent microbial infections. The broad‐spectrum antibacterial
property of TCS led to its introduction in personal care products (e.g.,
hand soaps, toothpaste, detergents, cosmetics, hair cleansers, body
spray, shave gel), household products (e.g., kitchenware, wet mop
heads, cutting boards, clothing) (Bedoux et al., 2012; Liao and
Kannan, 2014). The utilization of TCS has raised concerns over time.
The Florence Statement on Triclosan and Triclocarban documents
the health problems associated with the usage of TCS in personal care
products (Halden et al., 2017). TCS has also been reported extensively
as a potential endocrine‐disrupting chemical in multiple species (Raut
and Angus, 2010; Wang et al., 2015). The chemical properties of TCS,
mainly lipophilicity and the ability to cross biological barriers includ-
ing blood–brain barrier, lead to its bioaccumulation (Dhillon et al.,
2015; Geens et al., 2012). TCS and its transformed products, such as
methyl triclosan and dioxins, generate toxic effects, especially on
animals.

In recent times, several studies were performed to evaluate the
effect of TCS on generation of disease conditions (Muth‐Köhne et al.,
2012). TCS was found to be reportedly present in the hypothalamus
region and white matter of brain in a recent cohort study (Van Der
Meer et al., 2017). It has been earlier reported that TCS delays the
development of secondary motor neurons in zebrafish (Muth‐Köhne
et al., 2012). It was also found to generate apoptotic bodies by induc-
ing the extrinsic apoptosis in primary neocortical neuron culture by
inducing Fas receptor‐mediated caspase‐3 (CASP3) activation
(Szychowski et al., 2015) and altered the reactive oxygen species
(ROS) homeostasis in neural stem cells. In an earlier study, TCS was
reported to compromise the anti‐oxidant defense system of neurons
by reducing the glutathione activity (Park et al., 2016). TCS also
enhances the estrogen receptor‐mediated signaling, supporting the
progression of breast and ovarian cancer in human population
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(Kim et al., 2014; Lee et al., 2014). The functioning of hepatocytes was
also observed to be affected in the presence of TCS due to augmenta-
tion of catabolism process and disturbing the thyroid hormone home-
ostasis (Paul et al., 2010). TCS was also reported to enhance the level
of pro‐inflammatory cytokines like IL‐1β, IL‐6, TNF‐α and IFN‐γ, in
human immune cells (Wilburn et al., 2021). In a recent study TCS
was found to cause neurotoxicity in mice brain thus disrupting loco-
motor activity and motor coordination (Tabari et al., 2019). TCS also
has a negative impact on hippocampal‐based spatial memory perfor-
mance (Arias‐cavieres et al., 2018). All these studies substantiated
the existing reports on the harmful effect of environmental toxicants
like TCS.

Several earlier studies have reported that excessive ROS production
leads to generation of inflammatory responses in cells. Since TCS has
been a potent protonophoric agent, it was intriguing to check a rela-
tion between TCS and neuroinflammation. To clarify this cross‐talk,
in the present study, we attempted to investigate the neuroinflamma-
tory potential of TCS in Neuro‐2a cells and ultimately analyzing its
impacts on tauopathy or tau‐mediated pathogenesis.
2. Materials & methods

2.1. Cell culture

The mouse neuroblastoma Neuro‐2a cell line was procured from
National Centre for Cell Sciences (NCCS), Pune, India. The cells were
maintained as a monolayer using Dulbecco’s Modified Essential Media
(DMEM) (Cat. No. AT‐007, Himedia, Mumbai, India) supplemented
with 10% FBS (Cat. No. 11573397) and 1% antibiotic–antimycotic
solution (Cat. No. 15240062, both from Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) at 37 °C in a humidified incubator with
95% air along with 5% CO2 (MCO‐15AC, SANYO Electric Co., Ltd.
JAPAN).
2.2. Cell viability assay

The viability of Neuro‐2a cells in the presence of a different concen-
tration of TCS (1, 10, 30 and 50 µM) (Cat. No. T1872, Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan; Purity > 98.0%) was determined by
performing MTT [3‐(4,5‐dimethylthiazol‐2yl)‐2,5‐diphenyl tetra-
zolium bromide] assay (Mosmann, 1983). Briefly, 5,000 cells in
200 µl media were seeded in each well of the 96‐wells plate to form
the adherent monolayer. After 24 h, media from each well was
replaced with fresh media supplemented with varying TCS concentra-
tions. TCS was dissolved in DMSO (Cat No. TC185, Himedia, Mumbai,
India) and added 0.1% v/v with media in respective wells in the entire
study. Further, the cells treated with only DMSO (0.1% v/v) were con-
sidered as control groups in all the experiments. After 24 h, the media
was supplemented with 20 µl of MTT dye (Cat. No. TC191, Himedia,
Mumbai, India) (5 mg/ml in Phosphate Buffered Saline, PBS), and
the cells were incubated for another 4 h at 37 °C. Then the media from
each well was aspirated, and formed formazan crystals were dissolved
in 200 µl DMSO. The absorbance was measured at 570 nm using
FLOUstar optima (BMG labtech, Germany) microplate‐reader. The cell
viability percentage was calculated by using the formula:

(Mean absorbance of TCS treated cells/Mean absorbance of DMSO
treated cells) × 100.

It is to be noted that the dosage of TCS and duration of its exposure
to the cells were based on some earlier reports (Park et al., 2016; Wang
et al., 2019). Further, our preliminary experiments showed that the
treatment of cells with TCS with our selected dosages for 24 h caused
a remarkable physiological effect on cells which at 48 h seemed to be
more of toxic in nature (data not shown). This was another reason of
choosing the said time period for all subsequent experiments. Also,
the dosage of TCS used in this study was within the range that has
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been reported to be present in biological fluids and confirming same
or similar exposure conditions (Liu et al., 2021).

2.3. DNA fragmentation assay

The analysis of the appearance of genomic DNA cleavage pattern
was performed by agarose gel electrophoresis according to the method
mentioned previously (Varshney et al., 2017). Briefly, Neuro‐2a cells
were treated with varying concentrations of TCS for 24 h. Thereafter,
the cells were first harvested and then washed with PBS followed by
suspension of resultant pellet in 500 µl of lysis buffer (10 mM Tris
HCl pH 8.0, 10 mM EDTA and 0.5% Triton X‐100). The resulting solu-
tion was then treated to remove RNA content using 0.1 mg/ml concen-
tration of DNase‐free RNase for 60 min at 37 °C. After this, an equal
volume of phenol, chloroform, and isoamyl alcohol mixture in the
respective ratio of 25:24:1 was added. Then the mixture was cen-
trifuged at 20,814×g for 3 min at room temperature. The obtained
supernatant was again mixed with an equal volume of chloroform
and further centrifuged three times. Then the genomic DNA was pre-
cipitated by adding an equal volume of ethanol supplemented with
0.3 mM sodium acetate to the supernatant obtained in the previous
step. The resultant pellet was washed with 70% ethanol twice and sus-
pended in 20 µl of nuclease‐free water. Finally, the extracted DNA was
separated on 2% agarose gel containing 0.4 µg/ml ethidium bromide
electrophoretically and photographed under the gel documentation
system (Bio‐Rad Laboratories, Inc., Hercules, CA, USA).

2.4. Acridine orange/ethidium bromide dual staining

In order to visualize the nuclear changes and formation of charac-
teristic apoptotic bodies inside cells, they were stained with Acridine
orange (AO)/Ethidium bromide (EB) dye mixture as described previ-
ously (Kasibhatla, 2006). Briefly, 5 × 105 cells were seeded in a six‐
well plate and treated with 1, 10, 30, and 50 µM concentrations of
TCS for 24 h. The cells were then washed gently in PBS followed by
treatment with 500 µl of AO/EB dye mixture (both 100 µg/ml in
PBS) (Cat. No. 318337 and E28751, Sigma, St. Louis, MO, USA) to
each well, and the cells were visualized under a fluorescent micro-
scope (EVOS® FL Cell Imaging System, Thermo Fisher Scientific, Wal-
tham, MA, USA).

2.5. Monodansylcadaverine (MDC) staining for determining autophagy
vacuoles formation

MDC is a fluorescent compound used to trace autophagic vacuoles
in cells (Boland et al., 2008). Neuro‐2a cells were treated for 24 h with
various concentrations of TCS and temsirolimus (0.2 µM) (Cat. No.
PZ0020 Sigma, St. Louis, MO, USA) used as positive control. Tem-
sirolimus is an ester analog of rapamycin. It binds and inhibits the
mammalian target of rapamycin (mTOR), resulting in an increased
autophagic process in any cell. The cells were then stained with
0.5 mM MDC (Cat. No. D4008, Sigma, St. Louis, MO, USA) (dissolved
in PBS) for another 30 min at 37 °C. Thereafter, the cells were gently
washed with PBS twice and fixed with 4% formaldehyde and further
analyzed under a fluorescent microscope (Thermo Fisher Scientific,
Waltham, MA, USA) at 355 and 460 excitations and emission, respec-
tively. AO was used to counter‐stain the cells.

2.6. LC3-puncta assay

The LC3‐puncta assay was performed to monitor the autophagy
vesicle formation in Neuro‐2a cells in response to TCS treatment
according to a method described earlier (Jackson et al., 2005). For this
assay, Neuro‐2a cells were transiently transfected with 2 µg of EGFP‐
LC3 plasmid [containing mammalian LC3 coding gene insert down-
stream of EGFP, (plasmid # 11546) procured from ADDgene plasmid
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reservoir, Cambridge, MA, USA], using Ultra293 transfection reagent as
per the manufacturer’s protocol (Cat. No. MB056, GeneDireX Inc.,
Taoyuan, Taiwan). After 24 h of transfection, the cells were treated
with different concentrations of TCS (10, 30 and 50 µM) and tem-
sirolimus (0.2 µM, as positive control) for another 24 h. On completion
of the incubation, the cells were then fixed with 4% formaldehyde, fol-
lowed by gentle PBS washing and observed under a confocal laser
scanning microscope (LSM 780, Carl Zeiss, Germany) for puncta
formation.

2.7. Lysosome labeling with lysotracker staining

Lysotracker Red DND99 is used for labeling active lysosomes in
cells. Neuro‐2a cells were seeded in a 6‐well plate for 24 h and then
treated with various concentrations of TCS (10, 30 and 50 µM) and
temsirolimus (0.2 µM) for 24 h. After incubation, the cells were treated
with DND99 red (Cat. No. L7528, Thermo Fisher Scientific, Waltham,
MA, USA) for another half hour at 37 °C. The cells were then fixed with
4% formaldehyde for 15 min at room temperature in the dark followed
by washing with PBS two times and staining with AO at room temper-
ature. Then the slides were prepared and observed under confocal
laser scanning microscopy (LSM 780, Carl Zeiss, Germany).

2.8. Mitochondrial probing for the measurement of membrane potential

The impact of TCS on mitochondrial membrane potential (Δψm) of
Neuro‐2a cells was examined using JC‐1 fluorescent probe (Cat. No.
KTA4001, Abbkine Scientific Co., Ltd., Wuhan, China). The Neuro‐2a
cells were seeded in a 6‐well plate for 24 h and then treated with var-
ious concentration of TCS (10, 30 and 50 µM) for 24 h along with con-
trol condition. The cells treated with 20 µM carbonyl cyanide 3‐
cholorophenylhydrazone (CCCP) for 30 min was considered as posi-
tive control. After respective incubation time period, the cells were
stained with JC‐1 staining solution (100 µl/ml media) for 30 min
and observed under fluorescent microscope (EVOS® FL Cell Imaging
System, Thermo Fisher Scientific, Waltham, MA, USA).

2.9. RNA isolation and reverse transcription polymerase chain reaction

After treating Neuro‐2a cells with different concentrations of TCS,
the total RNA was isolated using RNA X‐Press reagent (Cat. No.
MB601, Himedia, Mumbai, India) as per manufacturer’s instructions
and quantified. Then 2 µg of RNA from each sample was reverse tran-
scribed to cDNA using RevertAid First Strand cDNA synthesis kit (Cat.
No. K1621, Thermo Fisher Scientific, Waltham, MA, USA). The gene
expression analysis was performed by quantitative PCR (RT‐qPCR)
using primers, as mentioned in Table 1. The study was performed
using SYBR green master mix (Cat. No. A25742; PowerUp™ SYBR™
Green Master Mix, Applied Biosystems, Thermo Fischer Scientific,
Waltham, MA, USA,) using RT‐qPCR equipment (Applied Biosystems™
QuantStudio™ 5, Thermo Fischer Scientific, Waltham, MA, USA). A
comparative 2−ΔΔCT method was employed to determine the relative
mRNA expression of test genes (Livak and Schmittgen, 2001). β‐Actin
was used as an internal control for our entire PCR analysis, which was
carried out three independent times.

2.10. Immunoblot analysis

The total protein of Neuro‐2a cells treated at different conditions as
mentioned previously, was isolated using RIPA lysis buffer (Cat. No.
TC131, Himedia, Mumbai, India) supplemented with 1X protease inhi-
bitor cocktail (Cat. No. ML051, Himedia, Mumbai, India). The isolated
protein was quantified using the BCA protein quantification kit (Cat.
No. 71258‐M, Sigma, St. Louis, MO, USA). Then 40 µg of each sample
was electrophoretically separated on 8–12% polyacrylamide gel and
electro‐transferred on to PVDF membrane. The membranes were then
3

blocked using 3% BSA in TBS‐T buffer for 2 h. Then the membranes
were incubated overnight at 4 °C in TBS‐T buffer supplemented with
primary antibodies the details of which are mentioned in Table 2.
Then the blots were washed with TBS‐T buffer for 10 min thrice and
again incubated for around 2 h in secondary antibody (1:10,000).
The blots were then developed in dark conditions using the ECL kit
(Bio‐Rad Laboratories, Inc., Hercules, California, USA), and the devel-
oped blots were photographed, and densitometric analysis was per-
formed using ImageJ software (NIH, Bethesda, MD, USA) using β‐
Actin as an internal control.

2.11. Statistical analysis

All data is represented as Mean ± SEM of three independently per-
formed experiments. Statistical evaluation was performed by one‐way
ANOVA followed by Tukey’s post hoc test using Graph Pad Prism 6
software (Graph Pad Software, San Diago, CA, USA). The data analysis
was considered statistically significant at p value < 0.05.
3. Results

3.1. Effect of TCS on viability and morphology of Neuro-2a cells

The effect of TCS on the viability of Neuro‐2a cells was determined
by performing colorimetric MTT assay. The results confirmed that the
cells retained the viability at 1, 10 and 30 µM concentrations of TCS
(Fig. 1a). At higher concentration of TCS (50 µM), a minor but signif-
icant decline in the cell viability was observed. (Fig. 1a) (p < 0.05).
Then, dual cellular staining involving cell permeable AO and only dead
cell permeable EB was performed in TCS treated cells to assess the cel-
lular morphology and fate. As shown in Fig. 1b, the cells under control
condition appeared live and uniformly green in color due to the uptake
of only AO dye. Here, TCS at 1 and 10 µM concentrations showed mar-
ginal but non‐significant changes as compared to control condition
(p < 0.05). However, a distinct impact of TCS was observed in AO
stained cells at 30 and 50 µM concentrations with significantly
increased fluorescence intensity by 2.3‐ and 3‐fold, respectively, as
compared to AO stained control condition (p < 0.05). Similarly, as
shown in Fig. 1b, the EB stained cells also did not show any significant
change at 1 and 10 µM concentrations of TCS as compared to vehicle
treated cells (control). Interestingly, the cells treated with 30 and
50 µM concentrations of TCS showed significantly increased EB stain-
ing which was 2.4‐, and 3.4‐fold, respectively as compared to EB
stained control condition (p < 0.05) (Fig. 1b). The significant increase
in EB stained cells at 50 µM TCS treatment condition is indicative of
necrosis. Based on the current data, further dose‐dependent effects
of TCS on Neuro‐2a cells were analyzed at 10, 30 and 50 µM
concentrations.

3.2. TCS downregulates both autophagy and apoptosis process in Neuro-2a
cells

The effect of TCS on Neuro‐2a cells was investigated first at the
transcription level to determine the expression pattern of apoptosis
and autophagy related marker genes. In all these experiments, tem-
sirolimus was used as a positive control, known to be an activator of
autophagy (a potent inhibitor of mTOR) in neuronal cells (Boland
et al., 2008).

As shown in Fig. 2a, temsirolimus increased the expression of the
autophagy marker genes, LC3B) by about 1.7‐fold as compared to con-
trol condition, thus confirming the induction of autophagy in these
cells (p < 0.05). Caspases also participate in activation and regulation
of the autophagy processes (Tsapras and Nezis, 2017), and so was in
our study. Temsirolimus increased the CASP8 expressions by 1.7‐fold
as compared to control condition (p < 0.05). However, when we



Table 1
Details of oligonucleotide primer sequences and other details of PCR as was adopted in this study.

Name of gene Forward Primer (50-30) Reverse primer (50-30) Annealing Temp (℃) Product Size (BP)

LC3B (MICE) (>NM_026160.5) CCCACCAAGATCCCAGTGAT CCAGGAACTTGGTCTTGTCCA 60 79
CASP8 (MICE) (>NM_009812.2) AACATTCGGAGGCATTTCTGTC AGAAGAGCTGTAACCTGTGGC 58.9 256
TNF-α (MICE) (>NM_013693.3) CCACGTCGTAGCAAACCACC TACAACCCATCGGCTGGCAC 61.3 126
RIPK1 (MICE) (>NM_001359997.1) TAGTCCTTAGAGGAGGACCAGC CCCGGCCTAGGTGAGGAA 61.3 281
MLKL (MICE) (>NM_001310613.1 GCGTTGGCCCAAATTTGACT GGTCTTCTGCCTCGTTGACA 58.3 151
Tau (MICE) (>NM_001285455.1) TGTCCTCTTCTGTCCTCGCC GCCACACGAGCTTTTAAGCCA 60.5 159
β-Actin (MICE) (>NM_007393.5) TCACCCACACTGTGCCCCATCTACGA CAGCGGAACCGCTCATTGCCAATGG 65.0 296

Table 2
List of various reagents used in immunoblot analyses.

Primary antibody Cat. No. Dilutions Secondary antibody Dilutions Chromogen

ATG7 (MICE/RAT) sc-376212 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) 1:500 Anti-mouse 1:10,000 ECL
MAP LC3β (MICE/RAT) sc-271625 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) 1:500 Anti-mouse 1:10,000 ECL
p62 (HUMAN/MICE) sc-48402 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) 1:1000 Anti-mouse 1:10,000 ECL
CASP8 (HUMAN/MICE) mAb#4927 (CST, NEB, Danvers, Massachusetts, USA) 1:1000 Anti-mouse 1:10,000 ECL
CASP3 (HUMAN/MICE) E-AB-13815 (Elabscience, Houston, TX, USA) 1:1000 Anti-rabbit 1:10,000 ECL
TNF-α (HUMAN/MICE) E-AB-40015 (Elabscience, Houston, TX, USA) 1:1000 Anti-rabbit 1:10,000 ECL
RIPK3 (MICE) E-AB-60962 (Elabscience, Houston, TX, USA) 1:1000 Anti-rabbit 1:10,000 ECL
MLKL (HUMAN/MICE) E-AB-61022 (Elabscience, Houston, TX, USA) 1:1000 Anti-rabbit 1:10,000 ECL
P-MLKL (Ser358) (HUMAN/MICE) GTX00973 (GeneTex, Inc., CA, USA) 1:1000 Anti-rabbit 1:10,000 ECL
Tau (HUMAN/MICE/RAT) GTX112981 (GeneTex, Inc., CA, USA) 1:1000 Anti-rabbit 1:10,000 ECL
P-Tau (Ser198) (HUMAN/MICE/RAT) GTX130456 (GeneTex, Inc., CA, USA) 1:1000 Anti-rabbit 1:10,000 ECL
β-Actin (MICE) sc-47778 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) 1:1000 Anti-mouse 1:10,000 ECL

Clarity Western ECL blotting substrate (Cat. No. 17506061; Bio-Rad Laboratories, Inc., Hercules, California, USA) was used as chromogen.
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tested for TCS, it was found to inhibit autophagy marker gene almost
in a dose‐dependent manner. At 50 µM concentration of TCS the
expression of LC3B was inhibited by about 2.3‐fold as compared to
control condition (Fig. 2a) (p < 0.05). With the decrease in autophagy
marker gene, there were a subsequent decrease in CASP8 expression
by about 1.7‐fold in response to 50 µM concentration of TCS as com-
pared to control condition (p < 0.05) (Fig. 2a). Next, we measured
the expression of three distinct autophagy markers at the translational
level in response to TCS. As shown in Fig. 2b, temsirolimus induced
ATG7 and LC3B expression by about 1.6‐ and 1.7‐fold, respectively,
with a subsequent decrease in p62 levels by about 2.7‐fold
(p < 0.05), a typical pattern of autophagy marker expressions during
active autophagy process. p62 is a membrane protein whose downreg-
ulation confirms generation of autophagic flux and formation of
autophagolysosomes (Galluzzi et al., 2012), thus, indicating proper
induction of autophagic process in the cells. On the contrary, TCS
inhibited the normal autophagic process in the cells in a dose depen-
dent manner, albeit at varying levels of significances. As shown in
Fig. 2b, TCS at 50 µM concentration downregulated ATG7 and LC3B
expression by about 1.5 and 3.7‐fold, respectively, with subsequent
induction of p62 expression by about 1.9‐fold as compared to control
condition (p < 0.05). Taken together, all these data suggested that
TCS was inhibiting the autophagy in the cells at the same time induc-
ing cellular damage not by causing apoptosis but by some other mech-
anisms, thus warranting further analysis.

3.3. TCS persuades autophagy vacuoles formation but unable to induce flux
in Neuro-2a cells

To further investigate the potent inhibition of autophagy‐
associated proteins in Neuro‐2a cells in presence of TCS, the cellular
staining experiments justifying the generation of autophagic vac-
uoles and formation of autophagolysosomes were performed. The
abrupt induction of autophagy is considered as a hallmark of neu-
rodegenerative disease (Heras‐Sandoval et al., 2014). The presence
of autophagic vacuole is a characteristic feature of autophagy. In
4

order to confirm this, in our subsequent study, we examined the
generation of autophagic vacuole in Neuro‐2a cells by MDC staining.
MDC dye is used as a tracer for autophagic vacuole localization and
makes them distinctly visible. As shown in Fig. 3a, the control cells
did not show any indication of MDC dye stained cells, whereas the
treatment of cells with autophagy‐inducer temsirolimus (0.2 µM)
resulted in an increase in MDC stained cells by about 2.5‐fold as
compared to control (p < 0.05), which confirmed the formation
of autophagic vacuoles. Further it is also evident from Fig. 3a that
at a higher concentration of TCS (50 µM), a significant increase in
the MDC‐stained cells was observed, albeit at a lesser level as com-
pared to temsirolimus, thus confirming the formation of autophagic
vacuoles.

In order to further validate the aggregation of autophagic vacuoles
in cells, EGFP‐LC3 puncta formation was analyzed under different
treatment conditions. Lipidation of autophagic vacuoles is a hallmark
of mature autophagosomes, which further fuses with active lysosomes,
thus ultimately forming autophagolysosome (Varshney et al., 2017).
Up‐regulated p62, together with endogenous LC3B even at low expres-
sion, is a precursor for autophagy puncta formation (Runwal et al.,
2019). As shown in Fig. 3b, the treatment of EGFP‐LC3 transfected
cells with temsirolimus resulted in distinct punctuated dots in its cyto-
plasm which was almost 3‐fold higher than the control condition
(p < 0.05), indicative of LC3B puncta formation, a prerequisite condi-
tion for autophagic process. However, treatment of EGFP‐LC3B trans-
fected Neuro‐2a cells with TCS did not lead to the formation of any
punctuated dots at lower concentration, although punctuate dots were
visible at 50 µM concentration which was almost at the same level (3‐
fold) as that of temsirolimus treated cells (p < 0.05) (Fig. 3b). This
could be attributed to the fact as discussed earlier that at low level
of expression of LC3 gene, it can form autophagy‐like aggregates along
with overexpressed p62 protein, which ultimately behaves like autop-
hagic vacuoles. However, further detailed studies are needed using
better autophagic markers and inducers to elucidate the exact cross‐
talks between triclosan and autohagy process in these cells. This is
one of the limitations of our current study.



Fig. 1. Effect of TCS on Neuro-2a cell viability and morphology. The cells were treated with varying concentration of TCS (1, 10, 30 and 50 µM) for 24 h. DMSO
treated cells were considered as control. (a) MTT assay was performed to evaluate the viability of cells. The result is considered as mean ± SEM. of three
independent experiments. * represents p < 0.05 as compared with the vehicle-treated control group, which was considered 100% viable. (b) Representative
acridine orange/ethidium bromide dual staining images of the cells after TCS treatment. The magnification and scale bar for (b) are 200× and 50 µm respectively.
The histogram shows the quantification of images in (b) using ImageJ software. Data are mean ± SEM of three independent experiment. TCS, triclosan. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The observed inability to generate autophagy flux was further
assessed by lysotracker assay to estimate the formation of
autophagolysosomes. Neuro‐2a cells, treated under previously
mentioned conditions, were stained with lysotracker (DND99) red, a
fluorescent dye, which precisely labels the cellular acidic cargos, such
as late endosomes and active lysosomes (Pierzyńska‐Mach et al.,
2014). The viability of cells was confirmed by counterstaining the cells
with AO dye. As shown in Fig. 4, the treatment of Neuro‐2a cells with
autophagy inducer, temsirolimus (0.2 µM), resulted in the appearance
of active lysosomes confirming the formation of active autophagoly-
somes, as visualized by DND99 red staining, which was otherwise
absent in control condition. It was observed that increasing concentra-
tion of TCS did not support the active lysosome formation, as con-
firmed by the absence of DND99 red‐stained cells. Altogether, these
results confirmed that TCS prevents autophagy flux generation and
inhibits autophagosome fusion to lysosomes, thus wholly abrogating
the autophagic process in Neuro‐2a cells. Some earlier genetic and
functional studies indicated that autophagy is an anti‐inflammatory
process that affects numerous pathways (Deretic et al., 2013). Based
on this information in the next part of the study we proceeded to
explore if TCS resulted in any neuroinflammatory responses in
Neuro‐2a cells.
5

3.4. TCS generates loss in mitochondrial integrity in Neuro-2a cells

TCS has been reported to induce metabolic acidosis in cells (Zheng
et al., 2019). Thus, its impact on mitochondrial membrane potential
(Δψm) of Neuro‐2a cells was investigated. JC‐1 is a membrane perme-
ant fluorescent probe, which remains in a healthy cell as aggregate. A
depolarization of Δψm from>150 mV to <101 mV in an affected cell
causes conversion of JC‐1 aggregates into monomer units and results
in shift of fluorescent emission from red to green. CCCP is a potent
mitochondrial uncoupler which causes a shift from red to green fluo-
rescence. As evidenced in Fig. 5, 30 and 50 µM concentration of TCS
resulted in shift from red to green fluorescence in Neuro‐2a cells,
which confirms the loss in the Δψm. As shown in bar graph, the cells
treated with CCCP resulted in about 8‐fold increase in green fluores-
cence monomer with subsequent decrease in red fluorescence dimers
by about 7.7‐fold as compared to respective (green and red) control
groups (p < 0.05). Interestingly, 30 and 50 µM concentrations of
TCS respectively led to significant change in green fluorescence mono-
mer with almost 1.9‐ and 2.1‐fold increase, while the red fluorescence
dimers were significantly decreased by about 3.5‐ and 3.7‐fold as com-
pared with respective control condition (p < 0.05). In TCS 10 µM con-
centration a marginal but non‐significant change was observed in



Fig. 2. Effect of TCS on transcription and translation of apoptosis and autophagy associated markers in Neuro-2a cells. The cells were treated with DMSO
(control), 0.2 µM temsirolimus (positive control), and TCS (10, 30 and 50 µM) for 24 h. (a) Bar graph illustrating RT-qPCR analysis for the relative quantification of
mRNA expression of respective genes. (b) Representative expression pattern of autophagy related proteins (ATG7, LC3B and p62) as determined by immunoblot
analysis. β-Actin was used as internal control in all analyses. The bar graphs in (a) and (b) represents fold change in expression as compared to vehicle treated
control cells in respective groups. Results are representative of three independent experiments with mean ± SEM. * and # indicate p < 0.05 as compared to
vehicle and temsirolimus treated cells, respectively for respective genes or proteins. TCS, triclosan; Tem, temsirolimus.
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green and red fluorescence monomers and dimers respectively as com-
pared to control cells (p< 0.05). Above results suggests that TCS ham-
pers the integrity of mitochondria by disrupting mitochondrial
membrane potential in Neuro‐2a cells.

3.5. TCS initiates TNF-α signaling pathway associated necroptosis in Neuro-
2a cells

The loss of autophagy flux and inhibition of apoptosis may lead to
activation of caspase‐independent inflammatory pathway governed by
necroptosis. Necroptosis is a programmed form of necrotic death
which is dependent on Tumor Necrosis Factor‐α (TNF‐α) governed
activation and simultaneous interaction of Receptor‐interacting
serine/threonine‐protein kinases (RIPK1, RIPK3) and Mixed Lineage
Kinase domain Like pseudokinase (MLKL) proteins (Murphy et al.,
2013). The chromosomal DNA integrity was assessed by performing
DNA fragmentation analysis after isolating total cellular DNA from
TCS treated Neuro‐2a cells. A differential DNA pattern was observed
in agarose gel electrophoresis analysis of the total DNA extracted from
TCS treated Neuro‐2a cells as compared to control condition. TCS
induced the DNA cleavage at lower concentrations (1 and 10 µM) with
appearance of ladder formation, a marker of induction of apoptosis
(Fig. 6a). Interestingly, the treatment at 50 µM TCS concentration
resulted in appearance of DNA smear without any significant ladder
formation (Fig. 6a). The downregulation in CASP8 expression
(Fig. 2a), increase in necrotic cells (Fig. 2b) and appearance of smear
formation (Fig. 6a) led us to investigate the expression of the
necroptosis‐associated markers. The expression of TNF‐α and MLKL
genes was further validated by performing quantitative RT‐qPCR. As
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evident from Fig. 6b, the expression of both TNF‐α and MLKL were
increased by about 3.7‐ and 5.7‐fold, respectively, at 50 µM TCS treat-
ment condition, as compared to control condition (p < 0.05). These
genes are responsible for programmed necrotic cell death, i.e.,
necroptosis.

In order to further ascertain the impact of TCS on activation of
necroptosis pathway, the protein levels of the above‐mentioned genes
were determined by immunoblot analysis. As shown in Fig. 6c, the
expression of TNF‐α was found to be upregulated by 6.6‐fold in
response to 50 µM concentration of TCS (p < 0.05). Interestingly,
the expression of apoptosis‐related proteins, namely CASP8 and
CASP3, were found to be downregulated by about 2.8‐ and 3.1‐fold,
respectively, in response to 50 µM TCS treatment with respect to con-
trol condition (Fig. 6c) (p < 0.05). The expression of neuroinflamma-
tory intermediate marker, RIPK3, was found to be upregulated by
10.4‐fold in presence of 50 µM TCS as compared to control condition
(Fig. 6c) (p < 0.05). MLKL acts as a major executioner protein, which
ruptures the plasma membrane and ultimately leads to cell death.
RIPK1 and RIPK3 dependent necrosome formation further enhance
the recruitment and concomitant phosphorylation of MLKL protein
in the cells (Pasparakis and Vandenabeele, 2015). As expected, the
expression of MLKL and p‐MLKL was also found to be upregulated
by 5‐ and 5.9‐fold, respectively, in response to 50 µM TCS treatment
(Fig. 6c) (p < 0.05). The increased expression of these proteins leads
to their simultaneous interaction and cross‐phosphorylation, which
generally form the necrosome (Frank et al., 2019; Mandelkow and
Mandelkow, 1998). Taken together, these results strongly suggested
that TCS induced the activation of necroptosis pathway by generating
inflammatory responses in the Neuro‐2a cells.



Fig. 3. Effect of TCS on the accumulation of autophagic vacuoles in Neuro-2a cells. The cells were treated with DMSO (control), 0.2 µM temsirolimus (positive
control), and TCS (10, 30 and 50 µM) for 24 h. (a) Representative fluorescence microscopy images to show the formation of autophagic vacuoles in cells by
staining with MDC. The images were captured at 200× magnification (scale bar, 58 µm). (b) Representative confocal microscopy images depicting EGFP-LC3
puncta formation in response to various treatment conditions. The images were captured at 630× magnification (scale bar, 20 µm). The bar graph below
respective figures in (a) and (b) indicates the quantification of the respective images performed with the use of ImageJ software. Results are representative of three
independent experiments with mean ± SEM. * indicates p < 0.05 as compared to vehicle treated control. TCS, triclosan; Tem, temsirolimus; MDC,
monodansylcadaverine.
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3.6. Necroptosis inhibitor attenuates necroptosis in TCS treated Neuro-2a
cells

Necrostatin‐1 (Nec‐1) is a small molecule inhibitor of RIPK1 that
specifically inhibits phosphorylation of RIPK1 and RIPK1‐mediated
necroptosis (Galluzzi et al., 2012). Thus, to further validate the
7

necroptotic effect of TCS in Neuro‐2a cells, we compared the expres-
sion pattern of associated MLKL protein in Neuro‐2a cells under differ-
ent treatment conditions by immunoblot analyses. Similar to the
above‐mentioned results, 50 µM concentration of TCS increased the
MLKL expression by 4.2‐fold as compared to control condition
(Fig. 7) (p < 0.05). However, MLKL expression remained unaltered



Fig. 4. Effect of TCS in the formation of active lysosomes in Neuro-2a cells. The cells were treated with DMSO (control), 0.2 µM temsirolimus (positive control),
TCS (10, 30 and 50 µM) for 24 h. Representative confocal microscopic images to show the formation of autophagolysosomes in cells by staining with lysotracker
DND99 red stain. Blue arrows indicate the presence of active autophagolysosomes in cells. The images were captured at 630×magnification (scale bar, 20 µm). All
experiments were performed three times independently. TCS, triclosan; Tem, temsirolimus. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Effect of TCS on mitochondrial membrane potential in Neuro-2a cells. The cells were treated with DMSO (control), CCCP (positive control), and TCS (10,
30 and 50 µM) for 24 h. Representative fluorescent microscopic image showing the loss of mitochondrial membrane potential in cells stained with JC-1 fluorescent
probe. The images were captured at 200x magnification (scale bar, 92 µm). All experiments were performed three times independently and image quantification
was performed with the help of ImageJ software with mean ± SEM and shown as bar graph. * indicates p< 0.05 as compared to control cells in green fluorescent
group. TCS, triclosan; CCCP, carbonyl cyanide 3-chlorophynylhydrazone.
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after Nec‐1 treatment and was almost at the same level as control con-
dition (Fig. 7). Thereafter, we also determined the MLKL expression in
cells under TCS (50 µM) and Nec‐1 (0.1 µM) co‐treatment condition,
and as shown in Fig. 7, TCS induced upregulation of MLKL was signif-
icantly blunted by Nec‐1 (p < 0.05). This data further indicated that
TCS needs the active participation of necroptosis pathway to show
its deleterious effects in neuronal cells.

Since Nec‐1 masked the necroptotic effect of TCS in cells, the
expression of upstream marker CASP8 protein was also analyzed to
determine the cell fate in co‐treatment condition. CASP8 concurrently
acts as inhibitor of necroptosis and initiator of extrinsic apoptosis
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(Chen et al., 2018). TCS (50 µM) downregulated the CASP8 expression
by 2‐fold as compared to control condition (p < 0.05) (Fig. 7). On the
contrary, in the presence of Nec‐1, the inhibition of TCS‐induced
CASP8 was reversed, and an increase in expression was observed by
about 2.1‐fold as compared to only TCS treated condition (p < 0.05)
(Fig. 7). To further confirm the activation of apoptotic cell fate, the
expression pattern of executioner CASP3 protein was also analyzed
and as shown in Fig. 7, a 2.3‐fold upregulation of CASP3 expression
was observed in TCS and Nec‐1 co‐treatment condition as compared
to only TCS treated cells (p < 0.05). This data further confirmed that
once the necroptotic pathway was blocked, TCS might induce caspase



Fig. 6. Effect of TCS on the expression of necroptosis associated marker genes in Neuro-2a cells. The cells were treated with DMSO (control), and TCS (10, 30 and
50 µM) for 24 h. (a) Representative gel image displaying the formation of DNA ladder or smear in response to TCS. (b) Bar graph illustrating RT-qPCR analysis for
the relative quantification of mRNA expression for indicated genes. (c) Representative expression pattern of necroptosis associated proteins as determined by
immunoblot analysis. β-Actin was used as internal control in all analyses. The bar graphs in (b) and (c) represents fold change in expressions as compared to control
cells for respective genes(b) or proteins (c). Results are representative of three independent experiments with mean ± SEM. * indicates p < 0.05 as compared to
control cells in respective genes (b) or proteins (c). TCS, triclosan.
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dependent pathway. Surprisingly in our study Nec‐1 was also found to
marginally upregulate the expressions of both CASP3 and CASP8,
albeit at varying levels. Although this does not interfere much with
the interpretation of the current data, but it definitely demands further
detailed analysis which is another short coming of this study. Collec-
tively, these findings further validated the necroptosis inducing nature
of TCS in Neuro‐2a cells. However, in presence of necroptosis inhibitor
(Nec‐1) TCS alienated the Neuro‐2a cells to apoptotic fate.
3.7. TCS induces necroptosis-mediated tau pathogenesis in Neuro-2a cells

The increased expression of RIPK1, RIPK3 and MLKL and their
phosphorylated forms generate the necrosomes in the cells, which ulti-
mately leads to the onset of Alzheimer’s disease. Alzheimer’s disease is
associated with changes in the basal tau protein level and its posttrans-
lational modifications, namely increased phosphorylation and trunca-
tion (Mandelkow and Mandelkow, 1998; Muralidar et al., 2020). To
elucidate the effect of TCS on tau expression in Neuro‐2a cells, tran-
scriptional and translational analyses were performed. The quantita-
tive RT‐qPCR (Fig. 8a) analysis revealed that TCS increased the tau
gene expression to maximum of 3‐fold at 50 µM TCS concentration
as compared to control condition (p < 0.05).

To further ascertain the tau pathogenesis effect of TCS, the expres-
sion of tau protein and its phosphorylated form (p‐tau) were analyzed
by immunoblot analysis. As shown in Fig. 8b, the expression of tau
protein increased dose dependently with increasing concentration of
TCS and at 50 µM concentration, it was upregulated by about
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3.2‐fold as compared to control condition (p < 0.05). When checked
for the phosphorylated levels of tau protein, TCS was found to enhance
the expression level of p‐tau protein, which was about 1.6‐ and 2.2‐fold
at 30 and 50 µM treatment concentrations in Neuro‐2a cells, respec-
tively as compared to control condition (p< 0.05) (Fig. 8b). However,
the phosphorylation of tau protein was not found to increase concomi-
tantly with increase in the tau protein level in respective TCS treat-
ment condition. This aspect of phosphorylation of tau protein
therefore needs to be addressed and validated further with better con-
trol and experimental set up which remained as a gap in this study.
However, together the current data confirmed the pathogenesis of
tau protein and alluded to the probable progression of tau‐
aggregated neurodegeneration in TCS treated neuronal cells.
4. Discussion

There are several reports involving different in vitro studies that
showed TCS imparted deleterious effect on the viability and morphol-
ogy of neuronal cells. In multicellular organisms, the cellular fate in
presence of foreign pathogen, toxicant or injury depends on three clas-
sical phenomena, namely, autophagy, apoptosis and necrosis, which
may act independently or associatively (Chen et al., 2018). Inflated
oxidative stress in the mitochondria results in damage and a loss of
mitochondrial membrane potential, which eventually leads to pore
development. TCS generates a protonophoric response in Neuro‐2a
cells, which results in loss of mitochondrial membrane potential.
Autophagy is lysosome‐dependent cell survival pathway that maintain



Fig. 7. Comparative analysis of translational pattern of necroptosis associated proteins in presence of necrostatin-1 in Neuro-2a cells. Representative immunoblot
analysis indicating the expression level of necroptosis associated proteins (CASP8, CASP3 and MLKL) under various treatment conditions. β-Actin was used as
internal control in all analyses. The adjacent bar graph represents fold change in expression as compared to control cells in respective proteins. Results are
representative of three independent experiments with mean ± SEM. * and & indicates p < 0.05 as compared to control cells and temisirolimus treated cells
respectively for respective proteins. TCS, triclosan; Tem, temsirolimus; Nec-1, necrostatin-1.

Fig. 8. Effect of TCS on the expression of tau protein in Neuro-2a cells. The cells were treated with DMSO (control) and TCS (10, 30 and 50 µM) for 24 h. (a) Bar
graph illustrating RT-qPCR analysis for the relative quantification of tau gene transcription. (b) Representative expression pattern of tau and p-tau proteins as
determined by immunoblot analysis. β-Actin was used as internal control in all analyses. The respective bar graphs in (a) and (b) represents the fold change in
expression as compared to control cells in respective genes or proteins, respectively. Results are representative of three independent experiments with
mean ± SEM. * indicates p < 0.05 as compared to control cells in respective genes or proteins. TCS, triclosan.
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the homeostasis of cells by clearing misfolded and abnormal proteins
through selective degradation. However, it may also induce cell death
in certain instances (Boland et al., 2008; Nixon, 2013). Temsirolimus,
a recently approved drug for the treatment of renal cell carcinoma by
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the U.S. Food and Drug Administration (FDA) and European Medicines
Agency (EMA), is a positive inducer of autophagy. Temsirolimus initi-
ates the formation of autophagic vacuole in neuronal cells, and after
activating pivotal autophagy‐related proteins, it merges autophago-
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somes with acidic lysosome and completes the process of autophagy
(Jiang et al., 2014). TCS, although induced the formation of autopha-
gic vacuole in neuronal cells, but it does not effectively execute the
entire autophagic process. This behavior can be interpreted by the fact
that downregulation of pivotal protein LC3B, responsible for lipidation
of the bilayer membrane, leads to the closure of autophagosomes, and
activation of LC3B complex, respectively. In the current study we high-
lighted the involvement of LC3B as autophagy marker in response to
TCS. Subsequently, the failure in generation of autophagy flux results
in the lack of fusion of autophagosome to lysosome. p62 is an autop-
hagy associated membrane protein whose level in a cell decreases with
the formation of autophagolysosome. In absence of the fusion of
autophagosome and lysosome (autophagolysosome formation) the
level of p62 is increased throughout the cells. In our study the
increased expression of p62 proteins with increase in TCS concentra-
tion in neuronal cells further established disruption in the formation
of autophagolysosomes, thus confirming failure in execution of autop-
hagy which was in accordance to some earlier reports (Runwal et al.,
2019).

Apoptosis, a caspase‐dependent programmed cell death, involves
either CASP8‐associated‐death‐receptor‐mediated apoptosis or
CASP9‐associated‐mitochondria‐dependent apoptosis (Elmore, 2007;
Yuan and Yankner, 2000). The downregulated expressions of CASP8
in our study confirmed that TCS did not induce apoptosis in neuronal
cells. Defective autophagy cannot clear the abnormal and toxic pro-
teins, whose accumulation leads to neurological disorders (Heras‐
Sandoval et al., 2014). The inhibition in the generation of effective
autophagy flux, along with downregulated CASP8 expression, has
been correlated to increased expression of MLKL protein, which pro-
motes TNF‐α based necroptosis (Pasparakis and Vandenabeele,
2015). Inflammation is associated with increased expression of pro‐
inflammatory cytokines and inducing oxidative stress. Free radicals,
mainly reactive oxygen species (ROS) and reactive nitrogen species
(RNS), production increases exponentially on exposure to inflamma-
tory conditions (Mittal et al., 2014; Wang et al., 2019). TCS has been
previously reported to increase ROS production in cells (Szychowski
et al., 2020).

Our study demonstrated the TCS persuaded necroptosis involving
TNF‐α signaling pathway. TNF‐α is a pleiotropic cytokine that gener-
ates a complex with RIPK1 and plays an imperative role in the progres-
sion of inflammation. The inhibition of this complex formation is
dependent on increased expression of another complex, consisting of
CASP8 and FADD proteins, which cleaves the RIPK1 protein (Tait
and Green, 2008). The downregulated CASP8 expression in Neuro‐
2a cells prevented the cleavage of RIPK1, which further allowed the
trans‐phosphorylation of RIPK1 and RIPK3 proteins. The enhanced
level of phosphorylated form of these proteins increased the expres-
sions of both MLKL and p‐MLKL proteins (Chen et al., 2018). Some
of the earlier studies confirmed that the upregulation in the expression
of these cascades of proteins generates another complex in the cells,
which leads to the disintegration of plasma membrane and leakage
of cellular contents (Budd et al., 2006; Li et al., 2006). Necrostatin‐1
(Nec‐1) is a chemical compound that inhibits RIPK1 activity to further
block necroptosis cascade (Galluzzi et al., 2012). It was observed that
the blockage of RIPK1 expression by Nec‐1 in Neuro‐2a cells further
attenuated the downstream necroptosis regulatory marker, MLKL.
CASP8 is a crucial mediator molecule involved in the apoptosis and
necroptosis pathway (Pasparakis and Vandenabeele, 2015; Tait and
Green, 2008). The downregulated expression of CASP8 in Neuro‐2a
cells in the presence of TCS allowed the increased expression of
necroptotic proteins, namely RIPK1, RIPK3 and MLKL.

The failure of autophagy execution and generation of neuroinflam-
mation in Neuro‐2a cells suggested the neurodegenerative property of
TCS. The repression of fusion of autophagosomes and lysosomes is
considered as the hallmark of neurological disorders and the autopha-
gic dysfunction in the CNS has been shown to cause Alzheimer’s
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disease (Kuboyama et al., 2006). The link between the lack of autop-
hagy in neuronal cells and enhanced probability of neurological disor-
der could be attributed to the fact that in the absence of autophagy
there is heavy accumulation of defective and/or degenerative proteins
within cells. This leads to malfunctioning of several cellular activities,
which are cleared off by the autophagic process in normal condition.
The microtubule‐associated protein, tau, regulates the polymerization,
stabilization and assembly of axonal microtubules (Wander et al.,
2020; Vogel et al., 2021). Many studies have reported tauopathies,
as indicated by misfolding, mislocalization and hyperphosphorylation
of tau proteins, are responsible for causing Alzheimer’s disease (Berger
et al., 2007; Muralidar et al., 2020). This could also be associated with
autophagy because with an active autophagic process in a cell; this
defective tau protein could be eliminated, thus reducing its accumula-
tion within cells. Our study revealed that TCS enhanced the level of
total tau protein along with marginal phosphorylation of tau protein.
Possibly this might be responsible for causing tau‐associated neurode-
generation in long run as has been reported in earlier studies where
tau‐induced pathogenesis and associated neuroinflammation was
induced due to the accumulation of total tau protein with its minimal
phosphorylation. It has recently been reported that total tau aggrega-
tion is more prone to hypo‐ to hyper‐phosphorylation in the brain of
Alzheimer patients, and tau cluster formation is induced by a neuroin-
flammatory response (Wander et al., 2020; Vogel et al., 2021). This
could again be correlated with inhibition of autophagy by TCS because
normal autophagy within these cells might have reduced the levels of
enhanced phosphorylated tau protein, thus protecting them from get-
ting damaged. However, this aspect needs further detailed analysis
substantiated by experimental evidences to draw a confirmed
conclusion.
5. Conclusions

The present study elucidates the neuroinflammatory potential of
TCS in Neuro‐2a cells. TCS's protonophoric potential induces mito-
chondrial damage, which leads to neuroinflammation. Further, our
study confirmed that TCS initiates caspase‐independent cell death
through activation of TNF‐α signaling pathway. The abrogated autop-
hagy induces the overexpression of p62 which further causes neuroin-
flammation leading to tau‐mediated neurodegeneration. Conclusively,
this study defines the crosstalk between the autophagy, apoptosis, and
necroptosis executed by the prime mediator CASP8. Overall, this study
provides some preliminary information regarding the neuroinflamma-
tory potential of bioaccumulated TCS. Therefore, there is an exclusive
need for a detailed study involving appropriate in vitro and in vivo
experimental models to confirm further the exact role of this chemical
as an agent causing neurodegeneration. Based on these data, a com-
plete neurotoxic profile of TCS could be drawn, which would help
the policymakers to decide the appropriate dosages of its usage in var-
ious day‐to‐day materials.
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