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Glyphosate induced cell death through apoptotic and autophagic mechanisms
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Herbicides have been recognized as the main environmental factor associated with human neurodegener-
ative disorders such as Parkinson's disease(PD). Previous studies indicated that the exposure to glyphosate, a
widely used herbicide, is possibly linked to Parkinsonism, however the underlying mechanism remains
unclear. We investigated the neurotoxic effects of glyphosate in differentiated PC12 cells and discovered that
it inhibited viability of differentiated PC12 cells in dose-and time-dependent manners. Furthermore, the
results showed that glyphosate induced cell death via autophagy pathways in addition to activating apoptotic
pathways. Interestingly, deactivation of Beclin-1 gene attenuated both apoptosis and autophagy in
glyphosate treated differentiated PC12 cells, suggesting that Beclin-1 gene is involved in the crosstalk
between the two mechanisms.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Parkinson's disease (PD) is one of the most common neurodegen-
erative disorders, and characterized by progressive cell loss confined
mostly to dopaminergic neurons of the substantia nigra. Several
factors, including mitochondrial dysfunction, oxidative stress, altered
protein handling and inflammatory change, are involved in the
degenerative process through apoptosis and/or autophagic pathways
(Anglade et al., 1997; Bredesen et al., 2006). Numerous apoptotic
pathways are activated in response to PD-induced dysfunction in
several systems, including the c-Jun N-terminal kinase (JNK) and p53
activation, cell cycle re-entry, and bcl-2 family signaling. Meanwhile,
autophagy may act as an initial protective response, but excessive
autophagy eventually pushed towards cell death during the disease
progression(Levy et al., 2009; ubinsztein, 2006). Therefore, PD
is currently viewed as a multifactorial disease. Epidemiologically,
environmental exposure plays an causal role in the etiology of
PD(Dauer and Przedborski, 2003; Patel and Schier, 2006; Peng et al.,
2010). N-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine(MPTP), rote-
none, paraquat(Bove et al., 2005; Cannon and Greenamyre, 2010)
have been found trigger apoptosis and/or excessive autophagy of
dopaminergic neurons to induce PD development.
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Recently, another environmental neurotoxin, glyphosate, have
also been reported involved in the pathogenesis of PD. Negga and his
co-workers found that the exposure to glyphosate pesticides could
result in neurodegeneration in Caenorhabditis elegans(Negga et al.,
2011). Furthermore, our case report (Wang et al., 2011) and a case
described by Barbosa et al. (2001) indicated that the exposure to
glyphosate is possibly linked to Parkinsonism. Glyphosate is a broad-
spectrum systemic herbicide used to kill weeds, especially annual
broadleaf weeds and grasses known to compete with crops grown
widely. Glyphosate's mode of action is to interfer with the synthesis
of the amino acids phenylalanine, tyrosine and tryptophan. Animal
exposures to glyphosate were observed that it may cause loss of
mitochondrial transmembrane potential and result in oxidative stress
to liver and brain(Astiz et al., 2009; Peixoto, 2005).

Therefore, the mechanism of glyphoste-induced neurotoxic effects
needs to be determined. In this study, we investigated the neuro-
toxicity of glyphosate in differentiated rat pheochromocytoma PC12
cells and further explored whether the two important cell death
pathway, apoptosis and autophagy involved in the glyphosate-
induced toxicity mechanism.

2. Materials and methods

2.1. Cell culture and transfection

Differentiated PC12 cells were grown in Dulbecco's Modified
Eagle's Medium (DMEM, GIBCO) supplemented with 10% fetal bovine
serum (FBS, PAA), 100 U/ml penicillin, and 100 μg/ml Streptomycin
(GIBCO). All cells were maintained in a humidified 5% CO2 containing
atmosphere at 37 °C. For transfection experiments, PC12 cells were
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Fig. 1. Effects of glyphosate on viability of PC12 cells. PC12 cells following exposure to
various concentrations of glyphosate at different lengths of time and cell viability were
analyzed with the MTT assay. Results (mean±SD) from three independent experi-
ments were quantitatively analyzed. *Pb0.05 compared to the control.
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plated the day before transfection to achieve ~50% confluency. Cells
were transiently transfected with enhanced green fluorescent protein
vector (pEGFP) or GFP–LC3 expression construct using Lipofectamine
2000 (Invitrogen USA) according to the manufacturer's instructions.
The plasmid DNA/Lipofectamine was mixed as the ratio of 1:3.
pEGFP empty vector was purchased from Clontech (Palo Alto, CA,
USA). The LC3 cDNA was kindly provided by Prof. T. Yoshimori and N.
Mizushima(National Institute for Basic Biology, Japan). For the co-
treatment experiments, PC12 cells were treated with plasmid and
glyphosate, as well as siRNA, or inhibitors. .

2.2. Reagents and antibodies

2,5-diphenyltetrazoliumbromide (MTT) and lipofectamine 2000
were sourced from Invitrogen (Carlsbad, CA, USA). Glyphosate,
dimethyl sulfoxide (DMSO), 4′, 6′-diamidino-2-phenylindole (DAPI)
and 3-methyladenine (3-MA) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Caspase inhibitor z-VAD was obtained from
Calbiochem (La Jolla, CA, USA). Glyphosatewas dissolved in DMSO as a
stock solution at −20 °C and diluted with culture medium to various
working concentrations. 3-MAwas dissolved in double distilled water
and titrated to 1 mM while zVAD was dissolved in DMSO and used at
20 μM as indicated. FITC Annexin V Apoptosis Detection Kit was
obtained from BD Pharmingen (San Diego, CA). Antibodies against
microtubule associated protein light chain 3 (LC3), Beclin-1 and β-
actin were purchased from Sigma Aldrich. BAX and Bcl-2 antibodies
were obtained fromAbcam (Cambridge, UK). Species-specific anti-IgG
antibodies conjugated to HRP were obtained from Jakson Immuno
Research Laboratories (USA).

2.3. siRNA mediated silencing of Beclin-1

Cells were transfected with Beclin-1 siRNA or scrambled siRNA
(Santa Cruz, CA, USA) using Lipofectamine 2000 reagent according
to the manufacturer's instructions. After 48 h, cells were subjected
to various treatments. In order to evaluate the effects of Beclin-1
siRNA or scrambled siRNA on GFP–LC3 puncta formation, cells were
cotransfected with GFP–LC3 and either Beclin-1 siRNA or scrambled
siRNA following various treatments and observed by confocal laser
scanning microscopy. The Beclin-1 siRNA sequence (5′-CAGTTTGGA-
CAATCAATA-3′) efficiently targeted.

2.4. Cell viability assay

Cell viability was assessed by the MTT assay. PC12 cells after
various treatment were plated in 96-well culture plates (1.0×104

cells per well). 5 g/l MTT solution was added to the culture medium
4 h before the end of treatments. After that DMSO was added to each
well to dissolve the dark blue crystals and the absorbance at 570 nm
was interpreted on a microplate reader (Safire,TECAN).

2.5. Apoptosis detection

Nuclei were stained with DAPI to detect chromatin condensation
or nuclear fragmentation, which were characteristics of apoptosis.
Following various treatments, cells were fixed with 4% paraformal-
dehyde for 20 min and then stained with DAPI for 10 min away
from light at room temperature. The cells were washed twice with
PBS before being viewed under confocal laser scanning microscopy
(Nikon,A1R) with excitation/emission spectra set at 350/460 nm
respectively. Two hundred cells were counted and the percentage
of apoptotic cells was taken as the mean of three independent ex-
periments. The cell apoptosis was further determined using FITC
Annexin V Apoptosis Detection Kit according to the manufacturer's
recommendations. Cells were then analyzed by flow cytometry
(FCM) on a linear scale, to detect apoptosis using a Becton Dickinson
FACS Array.

2.6. Autophagy detection

For LC3 punctate analyses experiments, cells were transiently
transfected with EGFP empty vector or GFP–LC3 expression vector.
24 h after transfection, the cells were subjected to various treatments
before being observed under confocal laser scanning microscopy. In
each experiment, no fewer than 200 transfected cells were counted.
Only cells with at least five dots were scored as GFP–LC3-positive. The
percentage of the positive cells was thus determined and expressed
as the mean of four independent experiments. For western blot
analyses, LC3-II/LC3-I ratio was evaluated by band density analysis as
the marker of cell autophagy.

2.7. Western blot analysis

Cells after various treatment were lysed in ice-cold RIPA lysis
buffer (1% Triton X100, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP40,
50 mM TrisHCl, pH 7.4) supplemented with protease inhibitor
cocktail and phenylmethanesulfonyl fluoride for 30 min, followed
by centrifugation at 12,000 g for 30 min at 4 °C before collecting the
supernatants. Protein extracts were quantified and equal amounts of
lysates were resolved by SDS-PAGE, and then transferred into PVDF
membrane (Millipore). After blocking with 3% BSA, appropriate
primary antibodies and secondary antibodies were applied. The
signals were developed with Immobilon Western Chemiluminescent
HRP Substrate (Millipore). Band density values of interested bands
were normalized to loading control and quantitative analyses were
performed by imageJ software (Wayne Rasband, NIH).

2.8. Statistical analysis

Statistical analyses were done by SPSS software using a one-way
ANOVA, followed by a two-tailed Student's t-test or multiple compar-
ison test where appropriate. A Pb0.05 was considered significant for all
analyses.

3. Results

3.1. Glyphosate induced cell death in dose-and time-dependent manners

Chronic exposure of PC12 cells to glyphosate resulted in a
concentration- and time-dependent decrease of cell viability assayed
by MTT, which indicated a reduction in the mitochondria of living
cells (Fig. 1). After treatment with glyphosate for 24 h, the inhibitory
rate of glyphosate on the viability of PC12 cells increased to 10%–25%
when the concentration was increased from 10 mM to 40 mM.
When the incubation time was prolonged to 72 h, the inhibitory
rate reached to about 50%.
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3.2. Glyphosate induced apoptosis in neuronal differentiated PC12 cells

Observed typical morphologic changes of apoptosis associated
with glyphosate exposure in a time-dependent manner, included cell
shrinkage, disappearance of neurites, nuclear condensation and DNA
fragmentation using DAPI staining (Fig. 2A). Additionally, FACS via
Annexin-V-PI double staining and Westeren blot were used to detect
apoptotic cells and apoptotic proteins, respectively. We found that
glyphosate increased apoptosis percentage in a time dependent
manner compared with the untreated control (Fig. 2B, D), consistent
with previous DAPI staining results. Meanwhile, Western blot exper-
iment revealed that the expression of anti-apoptotic protein Bcl-2
was decreased in comparison with increasing of proapoptotic protein
Bax after glyphosate treatment for 48 h (Fig. 4 C).

However, when PC12 cells were pretreated with the pan-caspase
inhibitor Z-VAD for 1 h before glyphosate treatment, the cell viability
assessment suggested that Z-VAD only partially inhibited the
glyphosate-induced cytotoxicity (Fig. 4B). This phenomenon implies
the existence of other cell death modes.
3.3. Glyphosate activated autophagic pathway in neuronal differentiated
PC12 cells

To determine whether autophagy involved in glyphosate-induced
neurotoxicity, we investigated the possible effects of autophagy
Inhibitor, 3-MA, on glyphosate-induced cell death and MTT assay
showed that pretreatment of PC12 cells with 3-MA markedly sup-
pressed glyphosate-induced cell death (Fig. 4B). Furthermore, because
Fig. 2. Time-dependent apoptosis by glyphosate in PC12 cells. Glyphosate(40 mM) were inc
nuclei were stained with DAPI to detect apoptosis morphologically by confocal micros
determination by annexin V/PI staining. (C, D) Results (mean±SD) from three independen
autophagy marker GFP–LC3 would redistribute from a diffuse cy-
toplasmic pattern to punctate structures once autophagy is initiated
(Maiuri et al., 2007), we examined LC3 immunoreactivity and found
that punctate patterns of GFP–LC3 were observed in almost half of
glyphosate treated cells compared with largely diffuse distribution in
the control groups (Fig. 3A,).

In addition, we measured the expressions of two forms of LC3
proteins (LC3-I and LC3-II) and Beclin-1 levels by Western blot.
Recent study indicated that LC3-II migrates faster than LC3-I on SDS-
PAGE, and is detected more readily by Western blot (Kabeya et al.,
2000). The results showed that an apparent increase in the level of
LC3-II protein and Beclin-1 were observed in PC12 cells in a time
dependent manner after treatment with glyphosate in response to
increased LC3-II/LC3-I and Beclin-1/Actin protein expression ratio
(Fig. 3B–D).
3.4. Down-regulation of Beclin-1 attenuated glyphosate induced
autophagy and apoptosis

In order to determine whether Beclin-1 was required to activate
both autophagy and apoptosis mechanisms in glyphosate-induced
toxicity, the cell viability, LC3 immunoreactivity and proteins ex-
pressions were measured after knockdown of Beclin-1 expression by
siRNA, respectively. We found that the inhibition of Beclin-1 caused
increasing cell viability was more evident than 3-MA or z-VAD pre-
treatment (Fig. 4B) and reduced 34% of GFP–LC3 punctuate formula-
tion compared with both scrambled siRNA transfected controls
and z-VAD controls after glyphosate treatment, similar with the effect
ubated for 24, 48, or 74 h. (A) PC12 cells were treated or untreated with glyphosate and
copy. Scar bar, 5 μm. (B) Representative flow cytometry graphs for cell apoptosis
t experiments were quantitatively analyzed. *Pb0.05 compared to the control.

image of Fig.�2


Fig. 3. Effects of glyphosate on inducing autophagy in PC12 cells. Cells were transiently transfectd with GFP–LC3 expression vector or GFP empty vector and then were untreated or
treated with glyphosate (40 mM) for 48 h. (A) Representative confocal photos demonstrated that glyphosate increase punctuate GFP–LC3 in PC12 cells while dots failed to be found
in GFP alone cells treated with glyphosate. Scale bars: 2 μm. Representative Western blot images(B) and quantification analysis(C,D) showed that glyphosate promoted the
conversion of LC3-Ito LC3-II and upregulated Beclin-1 expression in the time-dependent manner. β-actin was used as a loading control. The data of three independent experiments
are expressed as mean±SD. *Pb0.05 compared to the control.
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of 3-MA treatment (Fig. 4A). However, pretreatment with z-VAD
demonstrated no significant influence on glyphosate-induced autop-
hagy (Fig. 4A). As expected, Western blot analysis demonstrated that
Beclin-1 knockdown decreased LC3-II levels and more importantly,
reduced Bax/Bcl-2 ratio, which is a key determining factor for apoptosis
in glyphosate treated PC12 cells (Fig. 4 C–F).

4. Discussion

This study demonstrated that glyphosate induced both apoptotic
and autophagic cell death in neuronal differentiated PC12 cells, and
elucidated the involvement of Beclin-1 in the crosstalk between these
two mechanisms.

As a commonly used herbicide, glyphosate has been reported with
the potential to cause a variety of acute and chronic adverse health
effects (Astiz et al., 2009; Zhuang et al., 2009). A series of experiments
have proven that it can induce DNA damage in human fibroblasts
(Oberstein et al., 2007), and resulted in apoptosis in several cell-lines
via mitochondrial disruption(Benachour and Seralini, 2009). Fur-
thermore, prior case reports indicated that exposure to glyphosate
was related with Parkinsonism(Barbosa et al., 2001; Wang et al.,
2011), but the underlying mechanism of the association is still
unknown.

Apoptosis is an energy-dependent, natural, genetically-controlled
process tightly regulated by the interplay of the Bcl-2 family proteins
characterized by the presence of up to 4 conserved ‘Bcl-2 homology’
(BH) domains. Among the members of the Bcl-2 family, Bcl-2 protein
acts to suppress cell death and Bax protein promotes cell death. Bax/
Bcl-2 index was confirmed as a significant independent prognostic
factor for cell apoptosis (Gazzaniga et al., 1996). In this study,
glyphosate treatment produced high Bax and low Bcl-2 protein
expression, and thus increased the Bax/Bcl-2 ratio, which is consis-
tent with our hypothesis that glyphosate induced apoptosis in
neuronal differentiated PC12 cells. This notion was further supported
by nuclei morphological stains and Annexin-V-FITC/PI double stain-
ing assay analyses. However, cell viability assay showed that blockage
of apoptosis by the pan caspase inhibitor z-VAD only decreased
glyphosate-induced cell death partially, and prompting the involve-
ment of other mechanisms apart from apoptosis in glyphosate-
induced cell death.

As one of the two major programmed cell death pathways in
eukaryotes, autophagy has been known for a long time. Unlike apoptosis,
its involvement in the pathogenesis of PD has been investigated only
recently (Schapira and Jenner, 2011). Autophagy is a process by which
cytoplasmic constituents and entire organelles are targeted to lysosomes
for degradation(Eskelinen and Saftig, 2009). It is a complex cellular
process with a dual-effect. In most circumstances, autophagy promoted
cell survival and defensive stress response. However, it may also
accelerate cell death through excessive self-digestion and degradation
of essential cellular constituents. LC3, a mammalian homologue of Atg8,
is a specific marker for autophagosomes. Once autophagy is initiated,
cytosolic LC3I form (18 kDa) covalently conjugates to a lipidated,
autophagosome associated LC3II form (16 kDa) (Trincheri et al., 2008).
Therefore, GFP–LC3 would redistribute from a diffuse cytosolic staining
to a cytoplasmic punctuate pattern upon autophagy stimulation. Our
results showed that after incubation with glyphosate, GFP–LC3 in PC12
cells displayed significant punctate expression pattern. Consistent with
the fluorescent experiments, a time-dependent conversion of LC3-I to
LC3-II was observed in glyphosate-treated PC12 cells by Western blot.
Moreover, glyphosate induced cell death in PC12 cells was partially
blocked by 3-MA, an autophagy inhibitor, suggesting the existence of
autophagic mechanism in glyphosate-treated PC12 cells.

Although apoptosis and autophagy are classified separately and
present with distinct morphological features, these two types of cell
death are thought to have extremely complex interrelationships and can
overlap at the level of various signaling steps(Kurz et al., 2010). It has
been reported that numerous stimuli can induce either apoptosis or
autophagy, or both; and morphologic features of both cell death
mechanisms can be observed concurrently in the same cell (Maiuri
et al., 2007; Zhuang et al., 2009). Autophagy may act as a cytoprotective
mechanism favouring stress adaptation and suppress apoptosis. In
specific conditions, it may also promote or be in collaboration with
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Fig. 4. Beclin-1 was involved in glyphosate-induced cell death in PC cells. Cells were co-transfected with GFP–LC3 and Beclin-1 siRNA or scrambled siRNA, or transfected with GFP–
LC3 after pretreated with z-VAD or 3-MA, and further treated with glyphosate (40 mM) for 48 h. Representative confocal photos (A) demonstrated that Beclin-1 siRNA and 3-MA
reduced glyphosate-induced GFP- LC3 puncta formation,whilst scrambled siRNA and z-VAD caused no significant difference in glyphosate-treated cell. Scale bars: 2 μm. GLY:
glyphosate. (B) Cell viability after various treatments was evaluated by the MTT assay. Representative Western blot images (C) and quantification analysis (D,E,F) showed that
Beclin-1 knockdown attenuated glyphosate-induced changes on LC3-II/LC3-I ratio, Beclin-1 expression and Bax/bcl-2 index in PC12 cells. The data of three independent
experiments are expressed as mean±SD. *Pb0.05 compared to the control.
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apoptosis(Gazzaniga et al., 1996). Similarly, regulators of apoptosis
activation also function as autophagy regulators. Some upstream
signaling molecules are common to both processes and the interactions
between them may arise as a result of signaling crosstalk(Levine and
Yuan, 2005). Therefore, the existence of crosstalk between glyphosate-
induced apoptotic and autophagic cell deathneeded to be further elicited.

Recent studies have suggested that a functional and physical
Beclin-1/Bcl-2 interaction being possibly involved in the molecular
mechanisms for the crosstalk between apoptosis and autophagy
(Chang et al., 2010; Maiuri et al., 2007). Prior studies have shown that
Beclin-1/Atg6 is a subunit of the class III PI3-kinase complex and plays
important roles in the processes of autophagy (Furuya et al., 2005;
Oberstein et al., 2007). Beclin-1 has been identified originally as a Bcl-
2-interacting protein, which forms a complex along with hVps34 and
Vps15 in charge of autophagic initiation in mammals. It possesses a
Bcl-2 homology-3 domain (BH3), which is necessary for its binding to
the BH3 receptor domain of Bcl-2 or Bcl-xL. Bcl-2 and Bcl-xL operate
as critical nodes in complex networks to integrate information and
make ultimate decisions on whether to initiate apoptosis. Although
Bcl-2 and Bcl-xL are well-described in the apoptotic pathway, they
appear to be important factors in suppressing autophagy by binding
to the protein Beclin-1 and can therefore aid cells to evade cell death
by autophagy (Cho et al., 2009; Levine et al., 2008; Liang et al., 1999).
Having established in our study that Beclin-1 was involved in
glyphosate induced autophagy in PC12 cells, we hypothesized that
it also plays a role in glyphosate induced cytotoxicity and investigated
the possibility of its involvement in cell apoptosis. Our results
demonstrated that glyphosate caused an increased expression of the
Beclin-1 gene, indicating that Beclin-1 associated autophagy was also
involved in glyphosate induced death in PC12 cells. Furthermore,
Beclin-1 knockdown by siRNA not only reduced GFP–LC3 puncta and
LC3 II levels, but also apparently reversed glyphosate induced higher
Bax/Bcl-2 ratio. MTT assay results further revealed that Beclin-1
knockdown improved the viability of PC12 cells treated with glyph-
osate more effectively than 3-MA or z-VAD pretreatment. These data
presented here highlighted the effect of Beclin-1 on regulating both
autophagic and apoptotic pathways. However, the interplay between
autophagy and apoptosis, including caspase activation, Bcl-2 family
proteins post-translational modifications and other possible up-
stream signals alterations induced by glyphosate needs to be clarified
by in-depth studies in future.

To summarize, our results demonstrate that glyphosate induces
not only apoptosis, but autophagy in PC12 cells. Beclin-1 has been
identified as the protein potentially regulating the two pathways. This
also provides a novel link between use of herbicide, glyphosate and
PD.
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