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A B S T R A C T

Dioxin exposure is reported to affect nervous system development and increase the risk of neurodegenerative diseases. Generally, dioxin exerts its neurotoxicity via
aryl hydrocarbon receptor (AhR). Neurofilament (NF) light (NFL) protein is a biomarker for both neuronal differentiation and neurodegeneration and its expression is
controlled by the mitogen-activated protein kinase (MAPK) pathway. However, the effects of dioxin on NFL expression and involved mechanisms are incompletely
understood. We aimed to investigate the effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on NFL expression and elucidate the underlining signaling pathways
and their potential crosstalk, specifically between MAPK and AhR pathway. We employed primary cultured rat cortical neurons to evaluate the effect of TCDD
exposure on NFL expression. We also used nerve growth factor (NGF)-treated PC12 cells with specific inhibitors to investigate the involvement of and potential
crosstalk between the MAPK pathway and the AhR pathway in mediating the effects of TCDD on NFL expression. After TCDD exposure, NFL mRNA and protein levels
were upregulated in cultured neurons. NFL protein was preferentially found in the cell body compared with neurites of the cultured neurons. In PC12 cells, TCDD
enhanced both NGF-induced NFL expression and phosphorylation of ERK1/2 and p38. The addition of MAPK-pathway inhibitors (PD98059 and SB230580) partially
blocked the TCDD-induced NFL upregulation. CH223191, an AhR antagonist, reversed the upregulation of NFL and phosphorylation of ERK1/2 and p38 induced by
TCDD. This study demonstrated TCDD-induced upregulation of NFL in cultured neurons, with protein retained in the cell body. TCDD action was dependent on
activation of AhR and MAPK, while crosstalk was found between these two signaling pathways.

1. Introduction

Dioxin and dioxin-like compounds form a group of persistent or-
ganic pollutants that can accumulate in humans and animals and persist
for an extended period. These compounds have been reported to affect
nervous system development in children. For example, in the Sapporo
cohort and Amsterdam-Zaandam cohort studies and epidemiological
investigations in Vietnam, prenatal and early postnatal dioxin ex-
posures were associated with developmental retardation of the nervous
system and with behavioral problems in infants and teenagers
(Nakajima et al., 2006; Nishijo et al., 2012; Tai et al., 2013; Ten
Tusscher et al., 2014). In animal and cell-based studies, TCDD exposure
has been found to adversely affect the differentiation of neural stem
cells, neural precursor cells, and neuroblastoma cells, which might
consequently interrupt neuronal development (Collins et al., 2008; Iida
et al., 2013; Jung et al., 2009; Kobayashi et al., 2015; Latchney et al.,
2011).

In addition, an epidemiology study showed dioxin exposure was

associated with increased risk of neurodegenerative diseases, such as
spinal muscular atrophy (Odd ration, OR=1.27) and Alzheimer dis-
ease (AD) (OR=1.64), in Korean Vietnam veterans 40 years after the
war (a total of 111,726 veterans and among which 34,478 veterans as
no exposure) (Yi et al., 2014). Furthermore, Bouchard et al. reported
that the serum concentration of dioxin-like PCBs was significantly as-
sociated with adverse cognitive effects in elder-adult (64–80-year-old)
population in the U.S. (708 individuals randomly selected from 3297
participants) (Bouchard et al., 2014). These studies suggest a potential
correlation between adult exposure to dioxin or dioxin-like compounds
and degeneration of the nervous system.

Most of dioxin’s biological and toxicological effects are widely ac-
cepted to be mediated through the activation of aryl hydrocarbon re-
ceptor (AhR). AhR is regarded as a principal dioxin-binding in-
tracellular receptor. After dioxin binding, AhR translocates into the
nucleus and forms a heterodimer with ARNT (aryl hydrocarbon re-
ceptor nuclear translocator), and then binds to the cis-element named
DRE in the promoter region upstream of target genes and thereby
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regulates their transcription. Subsequently, it regulates the expression
of a series of target genes involved in the cell cycle and in cell pro-
liferation, differentiation, morphology, adhesion, and migration
(Juricek and Coumoul, 2018); the resulting dysregulation of these genes
leads to alterations in diverse biological processes associated with the
development and function of the nervous system.

Neurofilaments (NFs), are a major group of proteins that are highly
expressed in neuronal cells, particularly in the axon (reviewed by
Hoffmann et al., 1987). NFs function primarily in maintaining axonal
caliber and morphological integrity and the conduction velocity of
nerve impulses Three independent genes encode the major NF com-
ponents in mammalian intermediate filaments: neurofilament light
(NFL), neurofilament medium (NFM), and neurofilament heavy (NFH).
NFL represents the backbone of the intermediate filaments, and NFL
together with NFM and NFH form the entire intermediate filaments
(Lee et al., 1993). NFL mRNA expression has been used as a marker to
evaluate neuronal differentiation (Schimmelpfeng et al., 2004), and
NFL protein has also been used to assess neuronal degeneration in the
rat brain (Karlsson et al., 1991). Furthermore, previous work has sug-
gested that the NFs accumulation in neurons under stress or patholo-
gical conditions can cause neuronal death and then get released into the
cerebrospinal fluid (CSF) and serum (Rosengren et al., 1996; Studahl
et al., 2000). Thus, NFL in the CSF and serum has been regarded as a
diagnostic or prognostic biomarker for multiple neurodegenerative
diseases, including amyotrophic lateral sclerosis (ALS) (Rossi et al.,
2018) and AD (Bagnato et al., 2017). Therefore, NFL could represent a
potential biomarker for studying the molecular basis of dioxin effects on
the nervous system.

Lee et al. reported that dioxin exposure induced NFH mRNA ex-
pression in cerebellar granule cells (Lee et al., 2007); however, to our
knowledge, no data are available showing the effect of dioxin exposure
on NFL expression in neuronal tissue. Therefore, we investigated the
effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most toxic
congener among dioxins, on NFL expression in rat primary neurons in
vitro. We further investigated the effects of TCDD on NFL expression its
regulation in Pheochromocytoma PC12 cells, a classic cellular model
for studying the cell signaling that occurs during neuronal differentia-
tion. After nerve growth factor (NGF) treatment, PC12 cells differ-
entiate into neuron-like cells that express NFL via mitogen-activated
protein kinase (MAPK) signaling pathway. Since it has been demon-
strated that MAPK signaling pathway would be affected by dioxin and
AhR pathway in PC12 cells and other tissues (Xu et al., 2013, Weiss
et al., 2005), we first evaluated the activation of MAPK signaling
pathways in TCDD-induced NFL expression. We also examined whether
this effect was AhR-dependent, because the AhR pathway is a widely
recognized signaling pathway underlying dioxin-induced neuronal gene
expression (Xie et al., 2013). Finally, we evaluated the relationship
between MAPK and AhR pathways in the TCDD induced dysregulation
of NFL in neuronal cells.

2. Material and methods

2.1. Materials

Dulbecco’s modified Eagle medium (DMEM, CAT#12800),
minimum essential medium (MEM, CAT#41500), NeurobasalTM

medium (CAT#21103049), B-27 supplements (CAT#17504044),
GlutaMAXTM supplements (CAT#35050061), sodium pyruvate
(CAT#11360070), fetal bovine serum (FBS, CAT#10099141), horse
serum (HS, CAT#26050088), and penicillin-streptomycin (P/S,
CAT#15140122) were purchased from GIBCO (Grand Island, NY, USA).
NGF was purchased from Alomone Labs (Jerusalem, Israel). Customize
synthesized TCDD in dimethyl sulfoxide (DMSO) was purchased from
Wellington Laboratories Inc. (CAT#DD-48D-0512, Ontario, Canada);
before treatment, the two stocks of TCDD (10−8 and 10−7 mol/L) were
dissolved in DMSO (CAT#D8418, Sigma-Aldrich, St. Louis, MO, USA),

and these were then diluted 1000 times in serum-free medium for
dosing (10−11 and 10−10 mol/L). CH223191 (CAT#C8124), PD98059
(CAT#P215), and SB203580 (CAT#S8307) were purchased from
Sigma-Aldrich. Unless otherwise stated, all other reagents used in this
study were also purchased from Sigma-Aldrich.

2.2. Primary cultured rat cortical neurons

To investigate the effects of TCDD exposure on NFL expression in
neurons, we first used primary cultured cortical neurons, which, under
appropriate culture conditions, exhibit the properties of self-differ-
entiation and maturation and continuously express NFs (Rabinowitz
et al., 2005). Cortical neurons were isolated from rat embryos on ge-
station day 18 and cultured according to Brewer’s method (Brewer,
1995) with modifications. Pregnant Sprague-Dawley (SD) rats were
purchased from Vital River Laboratories (Beijing, China). Briefly, the
cortex was dissected in Hank’s balanced-salt solution supplemented
with 1mmol/L sodium pyruvate and 10mmol/L HEPES (pH 7.4)
without Ca2+ and Mg2+. After trypsinization with 0.05 g/mL trypsin
for 20min, the cortex tissue was washed with plating medium (DMEM
containing 10% HS and supplemented with 0.5 mmol/L GlutaMAXTM,
25 μmol/L monosodium glutamic acid, and 1% P/S), and triturated
several times. The cells were allowed for settling and then centrifuged
at 1500× g for 5min, and the cell pellets were resuspended in the
plating medium. The cells were seeded on culture plates coated with
poly-L-lysine (100 μg/mL) and incubated at 37 °C in 95% air plus 5%
CO2. The plating medium was replaced with culturing medium (Neu-
robasal medium supplemented with 0.5 mmol/L GlutaMAXTM and
1×B-27) within 24 h after plating. The cortical neurons at 2 day in
vitro were treated with 10−11 or 10−10 mol/L TCDD or with 0.1%
solvent alone (control) for 4 days, and NFL mRNA and protein levels
were measured on 6 day in vitro. And the cultures were treated with
cytosine arabinoside (2.5 μmol/L), a mitotic inhibitor, on the third day
in vitro to eliminate glial cells. In these in vitro studies, we used TCDD at
concentrations similarly to those found in people living in areas where
people have been exposed to relatively high levels of TCDD. For ex-
ample, the median serum levels of dioxin measured in cohort studies
conducted in Vietnam (Tai et al., 2011), Seveso, Italy (Needham et al.,
1997), and Taiwan (Guo et al., 2004), ranged from 180 pg/g fat to
1000 pg/g fat. After conversion based on the estimated average serum
fat content of 6.9 g/L (Phillips et al. 1989), the average serum con-
centration of dioxin in these residences would be 10−11 to 10−10 mol/
L. Therefore, we based our experimental concentrations on these serum
concentrations and on concentrations used in other studies (Xie et al.,
2013).

2.3. PC12 cells

The PC12 cell line derived from the rat adrenal medulla, was ob-
tained from American Type Culture Collection (Manassas, VA, USA)
and maintained in culture medium (DMEM supplemented with 6% FBS,
6% HS, and 1% P/S) at 37 °C in a water-saturated 7.5% CO2 incubator.
At 3 h before drug treatments, the culture medium was changed to
DMEM containing 1% FBS, 1% HS, and 1% P/S. PC12 cells were in-
cubated with 50 ng/mL NGF plus 10−11 or 10−10 mol/L TCDD or 0.1%
solvent alone (control) for 24 h to determined NFL mRNA level and 72 h
to determined NFL protein level. To evaluate the activation of in-
dividual MAPK signaling pathways in TCDD-induced NFL expression,
cells were treated with TCDD (10−10 mol/L), NGF (2 ng/mL), or the
mixture of NGF and TCDD or 0.1% solvent (control) for 0, 10, 30,
60min, and then the phosphorylation levels of ERK1/2 and p38 were
determined through western blotting. To further confirm the involve-
ment of ERK1/2 and p38 in TCDD-induced NFL expression, PC12 cells
were pretreated (for 3 h) with vehicle or 5 μmol/L MAPK antagonist,
PD98059 or SB203580 (Favata et al., 1998; Kawasaki et al., 1997) and
then treated for 24 h with TCDD (10−10 mol/L), NGF (50 ng/mL), or the
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mixture of NGF and TCDD or 0.1% solvent (control). NFL mRNA level
was determined. To examine whether this effect was AhR-dependent,
cells were pretreated with 10 μmol/L CH223191 for 3 h, an antagonist
of dioxin-induced AhR activation (Zhao et al., 2010), and then treated
for 24 h with TCDD (10−10 mol/L), NGF (50 ng/mL), or a mixture of
NGF and TCDD or 0.1% solvent (control). NFL mRNA level was de-
termined using real-time PCR. Furthermore, the relationship between
the AhR and MAPK pathways in this effect was investigated: PC12 cells
were pretreated with the AhR antagonist CH223191 or MAPK inhibitors
for 3 h and then exposed to 10−10 mol/L TCDD or NGF for 30min, after
which the phosphorylation level of ERK1/2 was determined through
western blotting.

2.4. RNA isolation and quantitative real-time PCR (RT-PCR) analysis

Total RNA was extracted using a GeneJET® RNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA, USA), and genomic DNA was
removed using a RapidOut® DNA Removal Kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Next, first-
strand cDNA was synthesized from the total RNA (2 μg) by using a
RevertAid® First Strand cDNA Synthesis Kit (Thermo Fisher Scientific),
and the diluted cDNA was then subject to quantitative PCR analysis by
using a GoTaq® qPCR Master Mix (Promega, Madison, WI, USA). All
samples were run in triplicate, and the following PCR program was
used: 95 °C for 2min, followed by 40 cycles of amplification: dena-
turation at 95 °C for 15 s, annealing at 60 °C for 20 s, and extension at
72 °C for 20 s. The SYBR green signal was detected using a
QuantStudionTM 6 Flex Real-Time PCR System (Thermo Fisher
Scientific), and the results were analyzed using the ΔΔCt method (Livak
and Schmittgen 2001). Glyceraldehyde phosphate dehydrogenase
(GAPDH) served as an internal control for normalization. Primers were
designed using Primer Premier 6 (PREMIER, Biosoft), based on se-
quences obtained from GenBank (http://www.ncbi.nlm.nih.gov/
genbank/), and synthesized by Sangon Biotech (Shanghai, China).
The following primers were used in the study: NFL (AF031880), sense:
5′-AGC AGA AGA GGA GGA GAA GGA GAA AGA-3′; antisense: 5′-CTC
AAC TGG TTG GTT TGG TGA TGA GGT-3′; and GAPDH (BC059110),
sense: 5′-AGT TCA ACG GCA CAG TCA AG-3′; antisense: 5′-TAC TCA
GCA CCA GCA TCA CC-3′.

2.5. Western blotting

Cells were homogenized by vortex at 0 °C in a cell extraction buffer
(CAT#FNN0011, Thermo Fisher Scientific) containing a protease-in-
hibitor cocktail (Roche Diagnostics, Mannheim, Germany). The ob-
tained lysates were centrifuged at 12,000× g at 4 °C for 15min, and the
supernatant was harvested and boiled in 5× SDS-loading buffer (pre-
pared according to Cold Spring Harbor Protocols, http://cshprotocols.
cshlp.org/). The lysate proteins (20 μg/lane) were separated using SDS-
PAGE and transferred to BioTaceTM NT Pure Nitrocellulose Blotting
Membranes (Pall, Pensacola, FL, USA), which were blocked in Odyssey®
Blocking Buffer (Li-COR, NE, USA) at room temperature for 1 h and
then incubated with the following primary antibodies (diluted in
blocking buffer): anti-NFL (1:1000, CAT#SAB4100574, Sigma-Aldrich),
anti-p38 MAPK (1:1000, CAT#8690, Cell Signaling Technology,
Beverly, MA, USA), anti-Phospho-p38 MAPK (Thr180/Tyr182, 1:1000,
CAT#4511, Cell Signaling Technology), anti-ERK1/2 MAPK (1:1000,
CAT#9102, Cell Signaling Technology), anti-Phospho-ERK1/2 MAPK
(Thr202/Tyr204, 1:1000, CAT#4370, Cell Signaling Technology), anti-
Tau (1:500, CAT#ab32057, Abcam, Cambridge, MA, USA), anti-
Phospho-Tau (Ser404, 1:1000, CAT#20194, Cell Signaling
Technology), anti-NFH (1:1000, CAT#N5389, Sigma-Aldrich), anti-
Phospho-NFH (1:1000, CAT#NE1022, MilliporeSigma, Burlington, MA,
USA), and anti-β-actin (1:10000, CAT#A1978, Sigma-Aldrich). After
overnight incubation with primary antibodies at 4 °C, the membranes
were incubated with secondary antibodies for 1 h (Goat anti-Rabbit

IRDye® 800CW and Goat anti-Mouse IRDye® 680CW; both 1:10000, Li-
COR), and then the proteins were detected using an Odyssey® CLx
Infrared Imaging System (Li-COR).

2.6. Cell staining and high content analysis screening (HCS)

Primary cultured cortical neurons were plated in CellCarrierTM-96
ultra plates (PerkinElmer, Waltham, MA, USA) at ~ 20% confluence.
After incubated with 10−11 or 10−10 mol/L TCDD or with 0.1% solvent
alone (control) for 4 days, neurons 6 day in vitro were fixed with 4%
paraformaldehyde in PBS for 15min at room temperature, permeabi-
lized (for 10min) with PBS containing 0.2% Triton X-100, washed

Fig. 1. Effect of TCDD on NFL expression in primary cultured neurons. (A) NFL
mRNA level was determined using real-time PCR analysis of total RNA ex-
tracted from neurons; the expression was normalized to GAPDH expression, and
values (fold of control) are expressed as means (averaged per dish) ± SEM
(n=4, with each cell sample was from an independent culture dish, and each
independent sample tested in triplicate). (B) Upper panel: western blotting
analysis of NFL in whole-cell extracts prepared from neurons; the protein was
visualized using an Odyssey® CLx Infrared Imaging System (Li-COR), with β-
actin serving as a loading control. Lower panel: quantification of NFL protein
amounts relative to β-actin amount. Values (fold of control) are expressed as
means ± SD (n= 4, with each cell sample was from an independent culture
dish); *p < 0.05, **p < 0.01 versus control, one-way ANOVA with
Bonferroni’s test.
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thrice with PBST (PBS containing 0.1% Tween 20), and blocked with
Odyssey® Blocking Buffer (Li-COR) for 1 h at room temperature. Next,
the cells were incubated with anti-NFL antibody (1:200 in blocking
buffer) overnight at 4 °C, and after washing thrice in PBST, the cells
were incubated concurrently with Alexa Fluor® 568 donkey anti-mouse
second antibody (2 μg/mL, CAT#A10037, Thermo Fisher Scientific),
Hoechst 33342 (as per manufacturer protocol; CAT#H1399, Thermo
Fisher Scientific) and HCS CellMask™ Red Stain (as per manufacturer
protocol; CAT#H32712, Thermo Fisher Scientific) in blocking buffer for
2 h at room temperature. Hoechst 33342 was used to label the nucleus
and HCS CellMask™ Red Stain was used to label the entire cell body.
Lastly, the cells were washed thrice with PBST and once with PBS and
then visualized using a 20× objective and the Operatta CLS® HCS
system (PerkinElmer). 30 images (per well) were collected and ana-
lyzed using Perkin Elmer Harmony 4.6 software; 2,000–2,200 cells
were evaluated for quantifying the cytoplasma area and the Alexa
Flour® 568 intensity in the cytoplasma for each image. The cytoplasma
boundary for each analyzed cell was defined by the HCS CellMask™ Red
Stain area minus the nucleus area.

2.7. Statistical analysis

GraphPad Prism software (version 5, La Jolla, CA, USA) was used
for statistical analyses and plotting figures. For analyses of in vitro
studies, we used one-way or two-way ANOVA with Bonferroni’s test. In
all cases, p < 0.05 was considered statistically significant.

3. Results

3.1. Effect of TCDD on mRNA and protein levels of NFL in neurons and the
morphology of neurons

After exposure to 10−10 mol/L TCDD, NFL mRNA and protein levels
in the primary cultured neurons were significantly higher, by 3.12- (p
value= 0.0022) and 1.71-fold, (p value= 0.0235), respectively; with
the lower concentration of TCDD also increased NFL mRNA and protein
levels, although only the mRNA increase was statistically different
(Fig. 1A and B). Results of HCS revealed that the NFL protein was
present in the cytoplasm of the primary neurons in all groups. The mean
area of the NFL-containing cytoplasm was increased, 1.29-fold and
1.35-fold (p value=0.0006) of control, after treatment with both

Fig. 2. Localization of NFL protein in the primary
cultured neurons after TCDD treatment. Neurons
(2 days in vitro) were incubated with 10−11 or
10−10 mol/L TCDD or with 0.1% solvent alone
(control) for 4 days, and then fixed and used for
immunofluorescence labeling of NFL; cells were
counterstained with Hoechst 33,342 to localize the
nucleus and HCS CellMask™ Red Stain to localize
the cell body Stained cells were analyzed using an
Operetta CLS screening system (A), and the graphs
represent the cytoplasma area (μm) (B) and the
cytoplasma Alex Flour® 568 intensity (C). Values
are expressed as means ± SEM (n=3, with each
independent sample tested in triplicate);
**p < 0.01, ***p < 0.001 versus control, one-
way ANOVA with Bonferroni’s test. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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10−11 and 10−10 mol/L TCDD, and the mean NFL fluorescence in-
tensity per cell was also significantly increased in both TCDD groups
(Fig. 2).

3.2. Effect of TCDD on NFL expression in NGF-differentiated PC12 cells

After 24 h treatment with 50 ng/mL NGF, NFL mRNA expression in
PC12 cells was significantly higher as expected, and concurrent treat-
ment with NGF and TCDD (10−11 and 10−10 mol/L) resulted in sig-
nificantly higher NFL gene expression as compared with NGF plus
solvent (control) treatment (Fig. 3A). However, TCDD treatment alone
exerted no effect on NFL mRNA expression. Similar results were ob-
tained in western blotting analysis, where TCDD treatment was again
found to induce NFL protein expression in NGF-differentiated PC12

cells but not in quiescent PC12 cells. However, the dose-dependent
effect at the protein level differed from that at the mRNA level: relative
to solvent treatment, TCDD treatment at 10−10 mol/L but not at
10−11 mol/L TCDD resulted in significantly higher NFL protein (Fig. 3
B).

3.3. ERK1/2 and p38 MAPK pathways and TCDD-induced NFL expression

Immunoblotting results showed that TCDD and NGF co-treatment
for 30min resulted in significantly higher levels of phosphorylated
ERK1/2 and p38 as compared with NGF single treatment, and the effect
persisted at 60min of exposure (Fig. 4A and B). However, TCDD
treatment alone exerted no effect on the phosphorylation of ERK1/2
and p38.

This induction of NFL mRNA by TCDD and NGF co-treatment was
reduced by the application of the MEK inhibitor PD98059 as compared
to effect on NGF treatment alone (Fig. 5A). Moreover, as expected,
PD98059 significantly suppressed NGF-induced NFL expression. By
contrast, the p38 inhibitor, SB203580, reduced the effect of TCDD on
NGF-induced NFL expression, but did not suppress NGF-induced NFL
expression (Fig. 5B).

3.4. Effect of AhR antagonist on TCDD-induced NFL expression

Pretreatment of PC12 cells for 3 h with 10 μmol/L CH223191, an
antagonist of dioxin-induced AhR activation, reversed TCDD/NGF-in-
duced NFL expression: TCDD stimulation of NGF-induced NFL mRNA
expression was completely blocked by CH223191 (Fig. 6A); however, as
compared with the NFL expression after NGF treatment alone, the ex-
pression after NGF and CH223191 co-treatment was not significantly
different from control (Fig. 6A). Results from primary cultured neurons
were consistent with that of PC12 cells, CH223191 could significantly
block the TCDD-induced NFL mRNA expression in neurons, even
though the expression after CH223191 and TCDD co-treatment is
higher than that of control, there was no statistically significant dif-
ference. When compared with the NFL expression after CH223191
treatment alone, the expression after CH223191 and TCDD co-treat-
ment was significantly increased (Fig. 6B).

3.5. Effect of AhR antagonist and MAPK inhibitors on ERK1/2 MAPK
pathway

Without CH223191 pretreatment, ERK1/2 phosphorylation level in
the TCDD and NGF co-treatment group was increased about 2 -fold than
that of NGF treatment group. CH223191 could significantly block the
TCDD-induced ERK1/2 phosphorylation in TCDD and NGF co-treat-
ment group. After CH223191 pretreatment, there was no significant
difference between the TCDD and NGF co-treatment group and the NGF
treatment group (Fig. 7A and C). After PD98059 pretreatment, ERK1/2
phosphorylation level in the NGF treatment group reduced. And in the
absence or presence of PD98059, there is significantly difference on the
ERK1/2 phosphorylation level in the TCDD and NGF co-treatment
group. However, from statistical data, SB203580 seemed to have little
effect on the ERK1/2 phosphorylation level (Fig. 7B and C).

4. Discussion

Dioxin exposure during gestation and lactation has been reported to
disrupt neurodevelopment in both humans and animals. The results of
in vitro studies have indicated that suppression of neuronal cell differ-
entiation might represent one of the effects of dioxin that could explain
disruption of neurodevelopment. In this study, the doses of TCDD is
relevant to relatively high environmental exposures as result from
TCDD used as a major contaminant of defoliant or from an accidental
release, and likely not to the general population. Since the rodent cells,
including lung cells (Strapacova et al., 2018) and hepatocytes (Denison

Fig. 3. Effect of TCDD on NFL expression in NGF-treated PC12 cells. (A) Real-
time RT-PCR analysis was used to quantify the NFL mRNA level in the total
RNA extracted from PC12 cells incubated with 50 ng/mL NGF plus 10−11 or
10−10 mol/L TCDD or 0.1% solvent alone (control) for 24 h. Gene expression
was normalized to GAPDH expression, and values (fold of control) are ex-
pressed as means ± SEM (n=4, with each independent sample tested in tri-
plicate). (B) Upper panel: western blotting analysis of NFL in whole-cell extracts
prepared from PC12 cells incubated with 50 ng/mL NGF plus 10−11 or
10−10 mol/L TCDD or 0.1% solvent alone (control) for 72 h; the protein was
visualized using the Odyssey® CLx Infrared Imaging System (Li-COR), with β-
actin serving as the loading control. Lower panel: NFL protein levels normalized
relative to β-actin level. Values (fold of control) are expressed as means ± SD
(n=4); **p < 0.01, ***p < 0.001 versus solvent-treated PC12 cells
(Control), and #p < 0.05, ##p < 0.01 versus NGF-treated PC12 cells; one-
way ANOVA with Bonferroni’s test.
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et al., 2011), have been reported more sensitive to dioxin than human
cells, and the regulation function of AhR signaling pathway has been
better understood in rodent cells when compared with human cells, we
employed rat neuronal-like cells and neurons to study the effects of
TCDD on NFL expression and the involved regulation mechanisms. The
primary neurons are extracted from GD18 embryos, neuronal pheno-
types in these cells were different with that in the mature brains, so
there would be some difference in their sensibility to dioxin. Then, we
found that TCDD dysregulated the expression of the differentiation
marker NFL both at transcriptional level and the translational level via
AhR pathway in primary cultured cortical neurons at an early stage of
differentiation, and the dysregulation of NFL protein lead to NFL ac-
cumulation in the cell body. Similarly, these results were also obtained
with NGF-differentiated PC12 cells. In undifferentiated PC12 cells,
TCDD did not increase NFL expression, but once the MAPK pathway
was activated by NGF, TCDD rapidly enhanced the activation of the
MAPK pathway through the AhR pathway, which then led to NFL
overexpression.

TCDD effects on NFs might differ depending on the exposure period
during neuronal differentiation and the exposure dose. TCDD treatment
at 10−9 mol/L but not 10−8 mol/L for 24 h in 7 days in vitro cerebellar
granule cells was reported to significantly increase the mRNA level of
NFH but not affect that of either NFL or NFM (Lee et al., 2007). Here,
although NFL expression was increased, neurite length and numbers
were not markedly altered by TCDD treatment in neurons. This ob-
servation indicated that the NFL upregulation induced by TCDD does
not represent a neurotrophic effect. In previous studies higher NFL
expression has not been consistently correlated with an induction of
neurite outgrowth. For example, sodium arsenite exposure substantially

increased NFL expression in Neuro-2α cells but suppressed neurite
outgrowth (Aung et al., 2013), and NFL overexpression was found to
lead to aberrant NF accumulation and an increased frequency of axonal
degeneration in motor neurons (Xu et al., 1993). In brain tissue infected
with the Border disease virus, NFs were reported to be expressed at
higher levels than in non-infected tissue (Dincel and Kul, 2015). Here,
HCS results confirmed, in situ, the increase in NFL protein expression
caused by TCDD, but the higher levels of NFL were found mainly in the
cytoplasm of neurons without any obvious morphological changes in
the axons. Conversely, Jung et al. reported that a high dose (10−9 mol/
L) of TCDD inhibited neurite outgrowth in differentiating SH-5YSY
cells, although no overt morphological change in neurite outgrowth
was detected in cells treated with 2× 10−10 mol/L TCDD (Jung et al.,
2009). Furthermore, NFL overexpression in peripheral neurons in
transgenic mice increased the density of axonal NFs without altering
axonal morphology (Monteiro et al., 1990). Yuan et al. noted that in
certain pathological conditions, NFs can accumulate in the cell bodies
and proximal axons of affected neurons leading to death of the affected
neurons, a finding supported by a transgenic mouse study (Yuan et al.,
2012). Once NF proteins accumulate beyond a threshold level, which
could be due to an overload if the proteasomal degradation system
(Hull et al, 2008). And cytoplasmic NF accumulation itself seems to
stress neurons, because most neurons with cytoplasmic NF accumula-
tion expressed stress markers, such as CHOP, Lcn2, ATF3 (Hossain
et al., 2018).

In the study of Xu et al., 0–10−8 mol/L TCDD treatment did not
affect the cell viability of PC12 cells and did not activate ERK1/2 or p38
MAPK pathway, which are consistent with our results (Xu et al., 2013).
But 10−8–10−7 mol/L TCDD treatment induced neurotoxicity via

Fig. 4. Effect of TCDD on the activa-
tion of ERK1/2 and p38 MAPK sig-
naling pathway in PC12 cells. Cells
were treated with TCDD (10−10 mol/
L), NGF (2 ng/mL), or the mixture of
NGF and TCDD or 0.1% solvent
(control) for 0, 10, 30, 60min, and
then the phosphorylation levels of
ERK1/2 and p38 were determined
through western blotting; β-actin
served as the internal control. (A)
Upper panel: immunoblotting results
of phospho-ERK1/2 (pERK); lower
panel: quantification of immunoblot-
ting results (pERK levels normalized
against β-actin levels). (B) Upper
panel: immunoblotting results of
phospho-p38 (pp38); lower panel:
quantification of immunoblotting re-
sults (pp38 levels normalized against
β-actin levels). Values (fold of con-
trol, 0.11% DMSO) are expressed as
means ± SD (n=3); *p < 0.05,
***p < 0.001 versus solvent-treated
PC12 cells (control); ###p < 0.001,
difference between TCDD and NGF
co-treatment group and NGF treat-
ment group; two-way ANOVA with
Bonferroni’s test.
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ERK1/2, p38, JNK MAPK pathway in the PC12 cells in the absence of
NGF, it suggested that TCDD might exert its toxic under certain con-
ditons via MAPK pathway. Extracellular factors such as neurotrophic
factors or natural compounds typically regulate the expression of NFs
through the MAPK signaling pathway. The mechanisms involved in the
regulation of NF expression have been well studied in the PC12 cell
line, in which differentiation is induced by NGF. In PC12 cells, NGF
stimulates TrkA phosphorylation and induces a signaling cascade in-
volving the Raf family, MEK1, and ERK1/2. MEK1 activation leads to
ERK1/2 phosphorylation and induces ERK1/2 translocation into the
nucleus and subsequent regulation of NF expression (Chen et al., 1992).
Several drugs or compounds have been shown to enhance NGF-induced
NF expression and neurite outgrowth coupled with an increase in
ERK1/2 phosphorylation (Lim et al., 2014; Won et al., 2015). In accord
with these other reports, we found here that PD98059 blocked the
ERK1/2 MAPK pathway and suppressed NFL expression. Under these
conditions, TCDD did not alter the levels of NGF-induced NFL expres-
sion, suggesting that the ERK1/2 MAPK pathway is the predominant
signaling pathway in this regulation of NFL expression. In this study,
NGF stimulated the phosphorylation of ERK1/2 and p38 concurrently,

but addition of the p38 inhibitor SB203580 did not affect NGF-induced
NFL expression. The MAPK p38, which is also known as stress-activated
protein kinase, can be activated by cytotoxic stress stimuli and cyto-
kines and can then lead to cell proliferation, differentiation, survival, or
stress-induced apoptosis. Moreover, p38 MAPK activation was recently
shown to participate in the regulation of axonal activity and NF ex-
pression under external stress or stimulation (Han et al., 2017;
Heimfarth et al., 2016; Xiong et al., 2018). Although SB203580 failed to
block NGF-induced NFL expression, the inhibitor strongly suppressed
the effect of TCDD on the NFL expression. Because p38 MAPK is in-
volved in the signal transduction leading to synaptic dysfunction
(Correa and Eales, 2012; Criscuolo et al., 2015; Han et al., 2017), we
speculate that environmental relevant doses of TCDD-induced ab-
normal expression of cytoskeletal genes would result in synaptic dys-
function.

In this study, assays involving pretreatment with the AhR-pathway
blocker CH223191 indicated that the AhR pathway also participated in
the TCDD-induced effect on NFL expression. According to the literature,

Fig. 5. Effect of TCDD on NFL expression in MAPK antagonists pretreated PC12
cells. Cells were pretreated (3 h) with 5 μmol/L MAPK antagonist, PD98059 (A)
or SB203580 (B), and then treated for 24 h with TCDD (10−10 mol/L), NGF
(50 ng/mL), or the mixture of NGF and TCDD or 0.1% solvent (control). NFL
mRNA level was determined using real-time PCR and quantified by normal-
ization against the internal control GAPDH. Values (fold of control, 0.11%
DMSO) are expressed as means ± SEM (n=4, with each independent sample
tested in triplicate); *p < 0.05, ***p < 0.001 versus control, #p < 0.05,
##p < 0.01, ###p < 0.001 versus NGF treatment group, †p < 0.05,
††p < 0.01, †††p < 0.001 versus TCDD and NGF co-treatment group; one-way
ANOVA with Bonferroni’s test.

Fig. 6. Effect of TCDD on NFL expression in AhR antagonist pretreated PC12
cells and primary cultured neurons. (A) PC12 cells were pretreated (3 h) with
10 μmol/L AhR antagonist CH223191, and then treated for 24 h with TCDD
(10−10 mol/L), NGF (50 ng/mL), or a mixture of NGF and TCDD or 0.1% sol-
vent (control). NFL mRNA level was determined using real-time PCR and
quantified by normalization against the internal control GAPDH. Values (fold of
control, 0.11% DMSO) are expressed as means ± SEM (n=4, with each in-
dependent sample tested in triplicate); ***p < 0.001 versus control,
###p < 0.001 versus NGF treatment group, †††p < 0.001 versus NGF and
TCDD co-treatment group; one-way ANOVA with Bonferroni’s test. (B) Neurons
(2 days in vitro) were pretreated (3 h) with 10 μmol/L AhR antagonist
CH223191, and then incubated with 10−11 or 10−10 mol/L TCDD or with 0.1%
solvent alone (control) for 4 days. NFL mRNA level was determined using real-
time PCR and quantified by normalization against the internal control GAPDH.
Values (fold of control, 0.1% DMSO) are expressed as means ± SEM (n=4,
with each independent sample tested in triplicate); ***p < 0.001 versus con-
trol, #p < 0.05, ##p < 0.01 versus CH treatment group; one-way ANOVA
with Bonferroni’s test.
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the AhR pathway is probably not the only pathway for regulating the
expression of target genes: the MAPK pathway has also been shown to
participate in the signal transduction and to potentially crosstalk with
the AhR pathway, and thus promote proliferation in epithelial cells and
stimulate the expression and secretion of tumor necrosis factor-α in
adipocytes (Gao et al., 2016; Nishiumi et al., 2010). In the present
study, it was indicated that the TCDD-activated AhR pathway may play
a role in NFL expression only when the MAPK pathway is activated by
NGF, which suggests an interaction between the AhR and MAPK
pathways in the nervous system. We demonstrated this by treating cells
with an AhR-pathway blocker CH223191, and measuring the levels of
phosphorylated ERK1/2 MAPK. Reduced phosphorylation of ERK1/2
MAPK indicated that the AhR pathway interacted with the MAPK
pathway upstream of ERK1/2. A literature review suggests that four
MAPK inhibitors, including SB203580, U0126, PD98059, and
SP600125 have been identified to modulate AhR activity and down-
stream gene expression as AhR antagonist or AhR agonist (reviewed by
Pollet et al., 2018). Among which, PD98059 is an AhR antagonist in

MCF-10A cells (IC50= 1×10−6–4×10−6 mol/L) (Reiners et al.,
1998) and SB203580 is an AhR agonist in Hepatocyte cells, whose ef-
fective concentration is 1×10−6–2×10−5 mol/L (Korashy et al.,
2011). From our results, SB203580 treatment (5× 10−6 mol/L) did not
have similar effect on the expression of NFL just like another AhR
agonist, TCDD. However, PD98059 has even more strong effect than
CH223191 to block the TCDD-induced NFL expression, but it seemed to
mainly inhibit the phosphorylation of ERK1/2 rather than the AhR
pathway. These results also suggested the tissue specificity of AhR
pathway. Primary cultured cortical neurons can produce and secrete
certain neurotrophic factors on their own and can differentiate spon-
taneously, and the MAPK pathway is also an essential signal trans-
duction pathway that regulates the survival and differentiation of cor-
tical neurons (Tuvikene et al., 2016). However, the role of the MAPK
pathway in TCDD-induced NFL expression must be further confirmed in
this autonomous differentiation model.

The dysregulation of NF expression might represent a critical step in
neurodegeneration. In the brain of patients with early onset AD, ab-
normal NFL deposition was associated with dystrophic neurites but was
not accompanied with the aberrant accumulation of Tau protein
(Nakamura et al., 1997). Moreover, age-related accumulation of NFL
and its association with neurofibrillary tangles was found to produce
adverse effects on susceptible neurons in the human hippocampus
(Vickers et al., 1994). In animal studies, transgenic mice overexpressing
human NFL were found to exhibit marked age-related loss of neurons in
the parietal cortex (Ma et al., 1999). The abnormal accumulation of NFs
would be expected to result in neuronal damage and loss, following
which the NF proteins might be released into the blood and CSF. Ele-
vated NFL expression has been suggested to serve as a biomarker for
monitoring disease progression in patients with neurodegenerative
dementia (Abu-Rumeileh et al., 2018) and ALS (Gille et al., 2018). Our
findings suggest the NFL gene might represent a potential target gene of
dioxin in the nervous system; given the critical role of NFs in neuro-
degenerative diseases, the NF toxicology of dioxin could be a key to
explaining the dioxin-caused risk of neurodegenerative diseases.

5. Conclusion

We have identified a previously unrecognized target gene of dioxin:
Dioxin might produce its biological or toxicological effects in the ner-
vous system by upregulating NFL gene expression and leading to NFL
protein accumulation in the cytoplasm in neurons. To our knowledge,
this study is also the first report of a crosstalk between the AhR pathway
and the MAPK pathway in the nervous system, where AhR mediates the
transcriptional regulation of NFL by enhancing the activity of the
ERK1/2 MAPK pathway.
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Fig. 7. Effect of TCDD on ERK1/2 phosphorylation in AhR antagonist or MAPK
inhibitors pretreated PC12 cells. Cells were pretreated (3 h) with 5 μmol/L
CH223191, 5 μmol/L PD98059 or 5 μmol/L SB203580 and then treated for
30min with TCDD (10−10 mol/L), NGF (2 ng/mL), or the mixture of NGF and
TCDD or 0.1% solvent (control); subsequently, the phosphorylation levels of
ERK1/2 were determined through western blotting, with β-actin serving as the
internal control. (A) (B) immunoblotting results of pERK; (C) quantification of
immunoblotting results (pERK levels normalized against β-actin levels). Values
were calculated as fold of NGF treatment alone and are expressed as
means ± SD (n= 3); ***p < 0.001 versus NGF treatment group,
###p < 0.001, versus TCDD and NGF co-treatment group; one-way ANOVA
with Bonferroni’s test.
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