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Abstract Mutation of TAR DNA-binding protein-43 (TDP-
43) was detected in familiar and sporadic amyotrophic lateral
sclerosis, and pathological TDP-43 was identified in the
frontotemporal lobar degeneration. The neuroprotective func-
tions of curcumin derivatives were assessed in motor neurons
transfected with mutant TDP-43. We found that curcumin
derivatives reduced the levels of TDP-43 fragments. Further-
more, we evaluated these compounds on the cellular model
that the cells were transfected with TDP-25.We found that the
expression level and aggregate formation of TDP-25 were
significantly reduced by monocarbonyl dimethoxycurcumin
C (Compound C). To study on the neuroprotective functions
of curcumin derivatives, the neuroblastoma-spinal cord-34
cells transfected with mutant TDP-43 were assessed by the
level of lactate dehydrogenase (LDH) and malondialdehyde
bisdimethyl acetal (MDA) that were involved in the oxidative
stress. We found that Compound C ameliorated the damage of
mutant TDP-43 by reducing the level of MDA and LDH.
Furthermore, heme oxygenase-1 (HO-1) was induced by
Compound C significantly higher than other compounds.

Znpp, which is known an inhibitor of HO-1, dramatically
interfered with the function of Compound C. In addition,
Compound C was tested in vivo, and HO-1 was significantly
upregulated at the hippocampus. These findings suggest that
Compound C, which degrades TDP-43 fragment and
strengthens the antioxidant ability by HO-1, is a promising
agent for TDP-43 proteinopathy.
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Introduction

TARDNA-binding protein-43 (TDP-43) is a constitutively and
ubiquitously expressed DNA–RNA-binding protein. In 2006,
TDP-43 was identified as the major protein in the ubiquitinated
inclusion in amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD) [1, 2]. Furthermore,
in a large study on ALS cases, including familial cases with and
without SOD1 mutations, TDP-43 immunopositive inclusion
was present in almost all cases of sporadic ALS, ALS with
dementia, and SOD1-negative FALS [3]. In 2008, Sreedharan
et al. [7] first identified TDP-43 Q331K and TDP-43M337V in
ALS patient and found that mutant TDP-43 formed numerous
fragments varying in molecular weight from ∼14 to ∼45 and
induced apoptosis in chick embryos. The subcellular distribu-
tion or aggregation had no obvious differences in wild-type and
mutant proteins. Subsequently, TDP-43 gene mutation was
studied in a series of clinical research and was present in
6.5 % familial ALS and up to 4 % sporadic ALS [4]. However,
the molecular mechanism by which mutant TDP-43 causes
motor neuron degeneration remains unknown. Given that the
toxicity of mutant TDP-43 may be related to increased oxida-
tive damage [5, 6] and fragment formation [7], it is conceivable
that these events may be potential drug targets in TDP-43-
related diseases.
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Curcumin is a polyphenolic compound with potent antiox-
idant and anti-inflammatory activities and is under develop-
ment as a potential neuroprotective agent [8, 9]. However, the
poor bioavailability and the rapid metabolism of this com-
pound limited its applications. Phase I clinical studies on
curcumin did not show any treatment-related toxicity even at
8 g/day, but its highest peak plasma concentration was only
1.8 μM, a subtherapeutic concentration [10]. The poor bio-
availability could result from the β-diketone moiety in the
structure of curcumin, which can be altered rapidly by a series
of aldo-keto reductases in vivo [11]. Therefore, we designed
several analogs without the β-diketone moiety, and as
expected, these compounds showed improved stability
in vitro and improved pharmacokinetic profiles in vivo [12].

To determine whether the new monocarbonyl curcumin
derivatives had a neuroprotective activity, we tested these
compounds in cell models of ALS that motor neuron-like cells
(NSC-34) were transfected with mutant TDP-43. We found
that the Compound C strongly protected the motor neuron-
like cells against the toxicity of mutant TPD-43.

Results

Compound C Reduced the Level of TDP-43 Fragments

Curcumin is a well known antioxidative agent, but its bioavail-
ability is low in vivo. Thus, we synthesized monocarbonyl
dimethoxycurcumin B and C, which are more stable chemi-
cally than curcumin and dimethoxycurcumin (Fig. 1). We
evaluated these compounds in an ALS cellular model that
NSC-34 cells transfected with mutant TDP-43. NSC-34 is
produced by fusion of motor neuron-enriched embryonic
mouse spinal cord cells with mouse neuroblastoma and widely
acknowledged as a validated model for studying on motor
neuron toxicity. These cells express many properties of motor
neurons, such as choline acetyltransferase; acetylcholine syn-
thesis, storage, and release; and neurofilament triplet proteins
[13]. We found that monocarbonyl dimethoxycurcumin signif-
icantly inhibited the formation of TDP-43 fragments, which
were associated with the TDP-43 mutation (Fig. 2a–b). To
eliminate the possibility that the protective effects from com-
pounds are not artifacts of reduced TDP-43 transgene expres-
sion, TDP-43mRNAwas tested by quantitative real-time PCR.
However, we found that the compounds did not have an
obvious effect on the TDP-43 transcription (Fig. Sa). In addi-
tion, to test whether Compound C had an effect on mutant
TDP-43 solubility/insolubility, the fractionation assay was
performed according to the published papers [14–16]. We
found that Compound C significantly reduced the insoluble
TDP-43 fragments (Fig. Sb–e). Furthermore, we established a
cellular model that NSC-34 transfected with TDP-25, which is
involved in the process of motor neuron degeneration and

prone to forming aggregates. We assessed the effect of
curcumin, dimethoxycurcumin, and dimethoxycurcumin de-
rivatives on the aggregates of TDP-25. Consistent with the
results that monocarbonyl dimethoxycurcumin C reduced the
generation of fragments in NSC-34 cells transfected with mutant
TDP-43, CompoundC decreased the expression level of TDP-25
by 56 % (p<0.05), the number of cells expressing TDP-25 by
59 % (p<0.05), and the size of TDP-25 aggregates, compared
with the controls (Figs. 3a, b, 4a, b, and 5a, b). However,
curcumin, dimethoxycurcumin, and dimethoxycurcumin deriva-
tive B could not reduce the expression of TDP-25 and number of
cells expressing TDP-25. In addition, Compound C at 40 μM
was more effective than at 10 μM (Fig. 3c–d). Subsequently, we
evaluated the action of Compound C on the TDP-25 solubility/
insolubility. The results showed that Compound C significantly
reduced the expression of TDP-25 in soluble and insoluble
fractions (Fig. 3e–f).

Compound C Reduced Toxicity of Mutant TDP-43

Mutant TDP-43 was recently identified in ALS patients and
induced motor neuron degeneration by increasing oxidative
stress and generating fragments. We found that mutant TDP-
43 significantly increased the level of lactate dehydrogenase

Fig. 1 Chemical structures of three derivatives of curcumin: DMC, Com-
pound B, and Compound C. Cur, curcumin; DMC, dimethoxycurcumin;
Compound B, monocarbonyl dimethoxycurcumin B; Compound C,
monocarbonyl dimethoxycurcumin C
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(LDH) and malondialdehyde bisdimethyl acetal (MDA) in the
NSC-34 cells. Monocarbonyl dimethoxycurcumin C signifi-
cantly protected the cell against these events (Fig. 6a, b).

Compound C in Part Enhanced the Degradation of TDP-25
via Heme Oxygenase-1

In our previous studies, we found that heme oxygenase-1
(HO-1), known as an antioxidant enzyme, played an impor-
tant role in ameliorating the toxicity of mutant TDP-43 [6].
The cells were treated by curcumin derivatives at the same
dose, and we found that the expression of HO-1 in the cells
treated by Compound C was 1.45–1.87 times higher than
dimethoxycurcumin (DMC) and Compound B (Fig. 7a, b).
Furthermore, the expression of HO-1 was induced by Com-
pound C in time- and dose-dependent manner. Nrf2, which is
associated with the transcription of HO-1, was also activated
by Compound C (Fig. 8a–f). Subsequently, we asked whether

HO-1 was involved in the degradation of TDP-43 fragment,
and the cellular model was treated by Znpp, which is an
inhibitor of HO-1 [17]. Znpp significantly increased the ex-
pression of TDP-25, and Znpp with Compound C reduced the
level of TDP-25 by 34 %. These results suggest that the HO-1
could be involved into the degradation of TDP-25; however, it
does not completely depend on HO-1 (Fig. 9a, b). Thus,
Compound C enhanced the degradation of TDP-43 fragments
via HO-1, partly.

Compound C Induced HO-1 In Vivo

To investigate whether C could induce the expression of HO-1
in vivo, compound C was resolved into 38 % PEG400 and
treated the mice by intravenous administration for 3 days. HO-
1 in the lung (L), motor neuron cortex (Co), hippocampus (Hi),
and spinal cord (Sp) was studied. We found that the level of the
antioxidant enzyme HO-1 in Hi was significantly upregulated by

Fig. 2 Compound C decreased
fragment level of TDP-43. wt,
wild-type TDP-43; q, Q331K
TDP-43; empty, empty plasmid.
a Western blot analysis of TDP-
43 fragments in the treated and
untreated group. b Quantitative
assessment of the level of TDP-43
fragments from three independent
experiments (mean ± SD, n=3),
*p<0.05, compared with the
untreated samples
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CompoundC (p<0.05) (Fig. 10a, b). Immunochemistry of HO-1
in the hippocampus further confirmed the immunoblot results

(Fig. 10c). Therefore, our results showed that compound C could
increase the antioxidant defense ability in vivo via HO-1.

Fig. 3 Compound C decreased
the expression of TDP-25.
a–b NSC-34 cells transiently
transfected with TDP-25 were
treated with curcumin, DMC,
Compound B, and Compound C
at 10 μM for 24 h, respectively.
Compound C significantly
reduced the expression of TDP-25
(mean ± SD, n=4). *p<0.05,
compared with the untreated
samples. c–d Compound C
decreased the expression of TDP-
25 at 10 and 40 μM (mean ± SD,
n=4). *p<0.05, compared with
the untreated samples. e–f
Compound C significantly
reduced the expression of TDP-25
in the soluble and insoluble
fraction (mean ± SD, n=3).
*p<0.05, compared with the
untreated samples
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Discussion

In this paper, we found that Compound C significantly
protected the cells against the toxicity of mutant TDP-43 by
reducing formation of its fragments, increasing antioxidant
ability, and preventing the generation of the aggregates of
TDP-25. TDP-43 is a DNA–RNA-binding protein located in
the nucleus and plays a role in neurite outgrowth [18], RNA

splicing [19], and cell proliferation [20] and is involved in the
animal development [21]. TDP-43 genemutation and TDP-43
fragments were identified in sporadic and familial ALS pa-
tients [2, 4, 7]. Mutant TDP-43 induced oxidative stress in the
cell model, and mutant TDP-43 transgenic mice developed
features of ALS and FTLD and presented fragmentation of
TDP-43 at an early stage [6, 22]. Furthermore, expression of
TDP-25 formed cytoplasmic inclusions that recapitulated the

Fig. 4 Compound C reduced the
number of cells expressed with
EGFP-TDP-25. a Confocal
microscopy of NSC-34 cells
transfected with EGFP fused to
TDP-25 constructs. Representative
images are showed. Scale
bar=200 μm. b Quantification of
the number of cells with TDP-25
expression. Average number of
cells expressing TDP-25 was
collected from at least five random
fields in three independent
experiments (mean ± SD, n=3),
*p<0.05, compared with the
untreated samples
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features of pathological TDP-43 [23, 24]. In addition,
Caccamo et al. reported that transgenic mice expressing
TDP-25 developed cognitive deficits [25]. These findings

suggest that mutant TDP-43 is toxic and that formation of
TDP-43 fragments is a key event in the pathogenesis of ALS
and FTLD. In the present study, we found that Compound C
not only reduced the level of oxidative stress caused bymutant
TDP-43 but also significantly reduced the generation of TDP-
25. In addition, Compound C dramatically induced the ex-
pression of HO-1 in the hippocampus. Hence, monocarbonyl
dimethoxycurcumin C is a promising agent for the protection
of the neurons in the hippocampus against the toxicity of
pathological TDP-43. Recently, some papers supported our
findings. Vaccaro et al. demonstrated that mutant TDP-43
induced oxidative stress in vivo with genetic animal models
of TDP-43 toxicity [26], and chemical suppression of oxida-
tive stress is protective in these models [27].

HO-1 was involved in the heme catabolism, iron ion ho-
meostasis, and the process of antioxidative stress. The activity
of HO-1 could be induced by its substrate heme and by
various nonheme substances, such as oxidative stress, LPS,
cytokines, hypoxia, and antioxidant compound [28–30]. HO-
1 is regulated by Nrf2 that binds the antioxidant response
elements in the promoter of HO-1 gene [31]. Besides Nrf2,
HO-1 was also regulated by hypoxia-inducible factor (HIF)-
1α that binds the hypoxia response element in the promotor.
Data supported that the hypoxia induced the HO-1 expression
dependent on the HIF-1α [32]. Yeligar et al. demonstrated that
the ethanol-induced HO-1 expression was attenuated by HIF-
1α siRNA. Therefore, HO-1 plays an important role in the
conditions that the cell defends itself against some toxic
factors and is regulated by different transcriptional factors.
The neuroprotection of HO-1 was mentioned in many papers
in which neurodegenerative diseases were studied. Till now,

Fig. 5 Compound C decreased
the size of aggregates of TDP-25.
a–bCells were treated with 10μM
compound C for 24 h and then
examined by confocal microscopy.
The size of aggregates was
evaluated by Image J software, and
at least 20 cells expressing TDP-25
were analyzed (mean ± SD, n=4).
*p<0.05. Nu, nuclei; Bf, bright
field

Fig. 6 Compound C reduced the toxicity of mutant TDP-43. a Com-
pound C reduced the level of LDH in the medium of cells transfectedwith
mutant TDP-43. Average level of LDH from three independent experi-
ments (mean ± SD, n=3),*p<0.05, compared with the untreated samples.
b Compound C alleviates lipoperoxidation as determined by measuring
MDA. Average level of MDA in from three independent experiments
(means ± SD, n=3), *p<0.05, compared with the untreated samples
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the mechanism of neurodegeneration is not clear, and multi-
factors could initiate the process of neuron death, such as
oxidative stress, inflammatory factors, and aggregations. In-
terestingly, we found that Compound C degraded the TDP-43
fragment partly dependent on the HO-1. Recent data support-
ed that TDP-25 degradation depended on autophagy and
ubiquitin proteasome system [33]. Indeed, Unuma et al. dem-
onstrated that HO-1 promotes autophagy and elimination of
damaged mitochondria, thereby repressing oxidative stress
[34]. These findings suggest that HO-1 could be involved in
the process of TDP-25 degradation by autophagy.

Taken together, Compound C, which degrades TDP-43
fragment and increases the antioxidant ability by

upregulating HO-1, is a promising agent for TDP-43
proteinopathy.

Experimental Procedures

Cell Lines and Transfection

NSC-34 is a hybrid cell line that retains the ability to prolifer-
ate and expresses several motor neuron characteristics [13].
NSC-34 was routinely maintained in DMEM (Invitrogen Cor-
poration, CA, USA; cat. no. 21063-029) with 10 % heat-
inactivated FBS (certified performance tested; Invitrogen

Fig. 7 Compound C
dramatically increased HO-1
expression. wt, wild-type
TDP-43; q, Q331K TDP-43;
empty, empty plasmid. a–b
Western blot analysis of HO-1
protein in the cellular model
treated by curcumin derivatives.
The average value of HO-1
protein in three different cultures
(mean ± SD, n=3). Each value
marked by an asterisk is
significantly different from the
corresponding control value
(*p<0.05). c Western blot
analysis of HO-1 protein in the
cellular model treated by DMC,
Compound B, and Compound C
at 1 and 10 μM for 24 h
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Corporation, CA, USA; cat. no. 16000-044) and antibiotics
(100 IU/mL penicillin and 100 μg/mL streptomycin). Follow-
ing the manufacturer’s protocol, NSC-34 cells were
transfected with the empty pCI-neo vector or the vector cloned
with wild-type TDP-43, TDP-43 Q331K, and TDP-25cDNAs
by using a Lipofectamine™ 2000 transfection reagent
(Invitrogen Corporation, CA, USA; cat. no. 11668-019).
NSC-34 cells were routinely maintained at 37 °C in a 5 %
CO2 humidified atmosphere in 25-cm2 flasks (Corning Incor-
porated, Corning, NY, USA), changing the medium every 2–
3 days. The derivatives of curcumin were donated by Dr. Jian
Xiao. The compound was dissolved in DMSO. The final
concentration of DMSO was 0.1 % in culture medium, and
this amount did not have any effect on the cells in our culture
(our previous data). To compare the action of the derivatives of
curcumin, the cells were treated with a 10-μM compound
including curcumin, DMC, compound B, and compound C,
respectively. After transfection for 24 h, the compounds, such

as curcumin, DMC, compound B, and compound C, were
added to the medium for 24 h, respectively. Each experiment
was repeated at least three times.

Lipoperoxidation

Levels of lipid peroxidation were quantified using the
Thiobarbituric Acid-Reactive Substances (TBARS) Assay Kit
(Jian Cheng Biological Engineering Institute, Nanjing, China).
Lipid peroxidation products, including malondialdehyde and
hydroperoxides, react with thiobarbituric acid to produce a
product that can be sensitively measured spectroscopically.
Samples were mixed with the reagents at room temperature,
and the reaction mixtures were incubated at 95 °C for 40 min
and then allowed to cool. Absorbance was read at 532 nm, and
TBARS levels were calculated using a standard curve ofMDA.
Data are expressed as nanomoles of TBARS per milligram of

Fig. 8 Compound C induced the expression of HO-1 in time- and dose-
dependent manner and activated Nrf2. a–c The cells were treated by
Compound C at 0, 5, 10, 20, 40, and 100 μM for 24 h. The analysis of
HO-1 and Nrf2 were in three different cultures, respectively (mean ± SD,
n=3). d–f Forty micromolars of compound C-treated motor neuron-like

cells at different times from 0, 3, 6, 12, 24 to 48 h. The expression of
HO-1 and Nrf2 was evaluated by Western blot in three different cultures,
respectively (mean ± SD, n=3). Each value marked by an asterisk is
significantly different from the corresponding control value (*p<0.05)
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protein. The protein concentration was calculated by Bradford’s
method, using albumin as standard.

Measurement of LDH

The damage of NSC-34 cells as evaluated by measuring the
release into medium of intracellular LDH. LDH activities
were determined using a colorimetric LDH assay kit
(JianCheng Technology, Nanjing, China). To more accurately
evaluate LDH level, the ratio of medium LDH to tissue LDH
was used to determine the damage of plasma membrane.

Western Blot

Cells were rinsed twice with PBS and then collected by centri-
fugation at 500×g for 5 min at 4 °C. The protein was extracted
using Total Protein Extraction Kit (Applygen Technologies
Inc., Beijing, China; cat. no. P1250) and cell lysis buffer for
Western and immunoprecipitation (IP) (Beyotime Institute of
Biotechnology, Nanjing, China; cat. no. P0013). Protein ex-
tracts were quantified using the Bradford method. Twenty
micrograms of extracts was denatured at 95 °C for 5 min,
loaded onto a 10 % sodium dodecyl sulfate (SDS)–polyacryl-
amide gel, and electrophoresed. After electrophoresis, the

proteins in the gel were transferred onto a polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). The
membrane was then incubated overnight at 4 °C with the
following primary antibodies: rabbit anti-TDP-43 (1:1,200;
Protein Tech Group, Tucson, AZ, USA; cat. no. 12892-1-
AP), rabbit anti-hemagglutinin (HA) (1:1,000; Sigma Chemical
Co., St. Louis, MO, USA; cat. no. H6908), rabbit anti-HO-1
(1:500; Stressgen,MI, USA; cat. no. SPA-895), rabbit anti-Nrf2
(1:200; Santa Cruz Biotechnology, CA, USA; cat. no. sc-722),
mouse anti-GAPDH (1:10,000; KangChen Biotech, Shanghai,
China; cat. no. KC-5G4), and mouse anti-β-actin (1:500; Santa
Cruz Biotechnology, CA, USA; cat. no. sc-47778). Membranes
were then incubated for 1 h at 22–24 °C with a fluorescence-
conjugated secondary antibody (1:3,000). The bands of interest
on the membrane were detected using an Odyssey Infrared
Imaging System (LI-COR, Lincoln, NE, USA). The usual
green or red color bands were converted to black and white
colors for data presentation.

To study on the fragments of mutant TDP-43, NSC-34 cells
were transfected with TDP-43 WT and TDP-43Q331K that
have a HA-tag at the C-terminal. And then, HA antibody was
used to identify human TDP-43 and the fragments of TDP-43
C-terminal. To evaluate the expression of TDP-25, the TDP-
43 antibody was used for Western blot.

Fluorescence Study

For evaluating the effects of curcumin and its derivatives on
the TDP-25 degradation by confocal microscopy, NSC-34
cells were transfected with EGFP-TDP-25 for 24 h and then
treated with curcumin and its derivatives for 24 h, respective-
ly. After the treatment, the cells were fixed by 4 % parafor-
maldehyde for 30 min at room temperature, then stained with
Hoechst 33342 for 40 min, and finally washed twice with
PBS. The cells were observed using confocal microscopy.
Positive cells with EGFP were counted in five random view
fields in three independent experiments.

The effect of Compound C on the degradation of TDP-25
was examined in cells transfected with EGFP-TDP-25 plas-
mids for 24 h and then treated by the Compound C for 24 h.
Following the treatment, nuclei were stained with Hoechst
33342 for 40 min, and then the cells were washed twice with
PBS. The medium was changed to DMEM without phenol
red, and the cells were observed by confocal microscopy.

The area of the aggregates was measured by Image J
software. The area of the largest aggregate in the cell was
measured.

Mice and Curcumin Derivative Administration

Adult (7 weeks old) male C57BL/6 mice were maintained
under temperature- and light-controlled conditions (20–23 °C,
12-h light/12-h dark cycle). Eight mice were randomly

Fig. 9 Compound C degraded the TDP-43 fragment partly dependent on
HO-1. a–b NSC-34 cells transiently transfected with TDP-25 were treat-
ed with Compound C and Znpp-9 at 10 μM for 24 h, respectively.
Compound C significantly reduced the expression of TDP-25 (mean
SD, n=3). *p<0.05, compared with the untreated samples. However,
Znpp-9 significantly inhibited the degradation of Compound C
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assigned to a vehicle-treated group (n=4) and compound C-
treated group (n=4). Compound C was resolved in the 38 %
PEG400. The compound C-PEG400 resolution was adminis-
trated intravenously at a dose of 1.5 mg/kg body weight, once
daily for 3 days. The 38 % PEG400 was used in the vehicle-
treated group in the same manner as the Compound
C-PEG400-treated mice.

Immunochemistry

Animals were anesthetized with 0.2 mL 10 % chloralhydrate,
perfused with 4 % paraformaldehyde in phosphate-buffered
saline (PBS), and the brain was dissected. The samples were
blocked for 30 min in 10 % horse serum and incubated
overnight with primary antibodies against HO-1 (diluted

Fig. 10 Compound C
significantly induced the
expression of HO-1 in the
hippocampus. a–b Western
blot analysis of HO-1 protein in
different parts of the central
nervous system (mean ± SD,
n=4). Each value marked by an
asterisk is significantly different
from the corresponding control
value (*p<0.05). c Immuno-
chemistry of HO-1 in hippo-
campus. Scale bar=50 μm
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1:200) at 4 °C. The sections were washed three times with
0.01 M PBS containing 0.3 % TritonX-100 and incubated with
a biotinylated secondary antibody for 1 h at room temperature.
Then, the samples were further washed and incubated with
horseradish peroxidase-conjugated ABC staining solution
(Vector Laboratories, Burlingame, CA, USA). The negative
control was used by replacing primary antibody with PBS.

Fractionation Assay

Briefly, cells were lysed in a cell lysis buffer for Western and
IP including 20 mM Tris (pH 7.5), 150 mM NaCl, 1 % Triton
X-100, sodium pyrophosphate, β-glycerophosphate, EDTA,
Na3VO4, leupeptin, phosphatase inhibitor, protease inhibitor
(Beyotime Institute of Biotechnology, Nanjing, China; cat. no.
P0013). Following the manufacturer’s protocol, cells were
centrifuged at 14,000×g at 4 °C for 10 min. Triton X-100-
insoluble pellets were dissolved in the buffer plus 2 % SDS,
protease inhibitor, and phosphatase inhibitor. The soluble and
insoluble components were used for Western blot analysis.

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was used to verify the
level of TDP-43 mRNA. RNAwas isolated using RNA Pure
Kit (BioTeke, Beijing, PR China; cat. no. RP1202), following
the manufacturer’s instructions. RNA concentrations and
qualities were determined by measuring absorbance at 260
and 280 nm. Two micrograms of RNA from each sample was
used as template for Reverse Transcription System (Promega,
Madison, USA; cat. no. A3500) with Oligo (dT), Reverse
Transcription 10× Buffer, Recombinant RNasin® Ribonucle-
ase Inhibitor, dNTPMixture, and AMVReverse Transcriptase
at 42 °C for 60 min. Forward and reverse primers were 5′-
gggaaacaatcaaggtag-3′ and 5′-cagccagaagacttagaatc-3′ for
TDP-43, and 5′-tgttaccaactgggacgaca-3′ and 5′-ctctca
gctgtggtggtgaa-3′ for mouse β-actin. TransStart® Top Green
qPCR SuperMix (TransGen Biotech, Beijing, PR China; cat.
no. AQ131) was used, and qPCR was performed, and then the
product was detected by the strategene Mx3005p (Agilent,
Santa Clara, USA). For the PCR, the amplification conditions
included an initial activation step at 95 °C for 30 s, and 40
cycles at 95 °C for 5 s, 52 °C for 15 s, and 72 °C for 10 s. The
fluorescence of the double-stranded products was monitored
in real time. According to the standard curve, the concentra-
tions of TDP-43 mRNA and β-actin mRNAwere calculated,
and the relative TDP-43 mRNA levels were normalized to the
reference of housekeeping gene.

Statistical Analyses

All data are expressed as mean ± SD and analyzed by one-way
ANOVA followed by a Student–Newman–Keuls multiple

range test or Dunn’s t test. Results were considered significant
when p<0.05.
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