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Abstract
Clavulanic acid is a psychoactive compound that has been shown to modulate central nervous
system activity. Importantly, in neurotoxin-induced animal models, clavulanic acid has been
shown to improve motor function (Huh et al., 2010) suggesting that it can be neuroprotective;
however, the mechanism as how clavulanic acid can induce neuroprotection is not known. We
demonstrate here that clavulanic acid abrogates the effects of the neurotoxin 1-methyl-4-
phenylpyridinium (MPP+) which mimics Parkinson’s disease (PD) by inducing
neurodegeneration. To further establish the mechanism we identified that clavulanic acid inhibits
neurotoxin-induced loss of mitochondrial membrane potential and ROS production. Consistent
with these results, neurotoxin-induced increase in Bax levels was also decreased in clavulanic acid
treated cells. Importantly, neurotoxin-induced release of cytochrome c levels as well as caspase
activation was also inhibited in clavulanic acid treated cells. In addition, Bcl-xl levels were also
restored and the Bcl-xl/Bax ratio that is critical for inducing apoptosis was increased in clavulanic
acid treated cells. Overall, these results suggest that clavulanic acid is intimately involved in
inhibiting neurotoxin-induced loss of mitochondrial function and induction of apoptosis that
contributes towards neuronal survival.
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1. Introduction
Neurodegenerative disorders, such as Parkinson’s disease (PD), affect over 6 million
patients in the US and 44 million worldwide (Dorsey et al., 2007). These diseases are
characterized by neurodegeneration and eventual neuronal cell death. Currently, approved
drugs to treat these diseases provide symptomatic relief only, rather than slowing neuronal
cell death. Therefore, discovering and developing drugs that inhibit neuronal death is critical
(Lohle and Reichmann, 2010). However, despite numerous approaches in drug
development, there are no available neuroprotective agents to stop neurodegeneration (Voss
and Ravina, 2008).
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Clavulanic acid is previously known as a non-competitive inhibitor of lactamase and
augments other β-lactam family antibiotics. The compound itself has negligible intrinsic
antibacterial activity (Payne et al., 1994). Recent studies demonstrate that clavulanic acid
possesses strong CNS modulating effects. According to Kim et al. (2009), clavulanic acid
reduces anxiety in rodent and primate models (Kim et al., 2009). Clavulanic acid readily
crosses the blood-brain barrier, rendering viable CNS drug properties. Accordingly, the
distribution ratio of clavulanic acid between human cerebrospinal fluid and plasma is 0.25,
suggesting considerably higher level of brain penetration than most other small molecules
(Nakagawa et al., 1994).

Our recently published studies indicate that clavulanic acid protects hippocampal and
dopaminergic neurons from toxin-induced acute death in vivo. In these studies, clavulanic
acid protected neurons in rodents exposed to kainic acid or MPTP. Furthermore, we
observed that clavulanic acid improved motor function in MPTP-treated mice in a
behavioral test (Huh et al., 2010). It is believed that PD is caused by the progressive
degeneration and eventual death of dopaminergic neurons of the substantianigra (SN) (Samii
et al., 2004). In addition, numerous studies have suggested a role for apoptosis in the
pathology of PD. At the cellular level, it is believed that mitochondrial dysfunction leads to
apoptotic cell death in dopaminergic neurons of the SN in PD (Burke, 1998). Our previous
studies indicate that clavulanic acid may have neuroprotective effects and warrants further
investigation of its therapeutic use in CNS disorders, such as PD.

Therefore, in this report, we investigated the neuroprotective effects of clavulanic acid in
neuronal cell culture after MPP+ induced toxicity. We further characterized the anti-
apoptotic effects of clavulanic acid after MPP+ exposure. Our data indicate that clavulanic
acid protects neuronal cells from MPP+- induced cell death and enhances its potential as a
neuroprotective drug.

2. Results
2.1. Clavulanic acid protects neuronal cells from MPP+ induced cell death

MPTP is a known mitochondrial toxin that induces apoptosis and has been used to model
dopaminergic neuronal death in PD (Burns et al., 1983; Langston et al., 1986; Smeyne and
Jackson-Lewis, 2005). To examine whether clavulanic acid protects against MPP+ (the
active metabolite of MPTP)-induced cell death, neuronally differentiated SH-SY5Y cells
were treated with clavulanic acid and exposed to MPP+. The addition of retinoic acid
inhibited cell division and lead to the differentiation of dopaminergic cells. Intracellular
dopamine levels were measured (data not shown) which showed that differentiated cells had
higher intracellular dopamine levels than undifferentiated cells. Cell viability was measured
using the MTT assay. Exposure to 250 μM MPP+ for 24 h significantly reduced cell survival
(Fig. 1). Importantly, pretreatment of cells with increasing concentrations of clavulanic acid
(1, 10, 100, and 500 μM) displayed a trend of increasing cell survival in the presence of
MPP+ with 100 and 500 μM clavulanic acid significantly increasing cell survival in the
presence of MPP+ (Fig. 1). Similar results were seen with 500 μM MPP+ exposure, where
again a significant increase in cell survival was observed in cells that were pretreated with
100 and 500 μM clavulanic acid. Overall, these results suggest that clavulanic acid
significantly protected SH-SY5Y cells from MPP+-induced neuron cell death.

2.2. Clavulanic acid protects against MPP+-induced decrease in mitochondrial membrane
potential and ROS generation

The effect of clavulanic acid on MPP+-induced ROS was investigated. Intracellular ROS
generation of cells was examined using 2′,7′-dichlorfluorescein-diacetate (DCFH-DA),
which is a well-established compound to detect and quantify ROS produced intracellularly
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(LeBel et al., 1992). MPP+ alone induced a significant increase in intracellular ROS in
differentiated SH-SY5Y cells. In contrast, cells pretreated with 500 μM of clavulanic acid
significantly decreased ROS generation that was induced by MPP+ (Fig. 2A).

Due to the increase in ROS produced by MPP+ treatment, we investigated mitochondrial
permeability transition (MPT) and mitochondrial dysfunction which is an early event
induced by MPP+. It is known that disruption of mitochondrial membrane permeability can
lead to the generation of ROS as a result of opening the MPT pore (Susin et al., 1998; Tan et
al., 1998). We investigated MPP+ mediated loss of mitochondrial membrane potential by
measuring the fluorescent cationic dye rhodamine 123. The uptake of rhodamine 123 into
the mitochondria is a function of mitochondrial transmembrane potential and therefore
depolarization of the mitochondrial membrane potential results in the loss of rhodamine 123
from the mitochondria and a decrease in intracellular fluorescence (Ferreiro et al., 2008). As
expected, MPP+ treatment resulted in the reduction of rhodamine 123 fluorescence as
compared with control untreated cells (Fig. 2B). Interestingly, cells treated with clavulanic
acid and exposed to MPP+ displayed a significant increase in mitochondrial membrane
potential when compared to MPP+ treated cells alone (Fig. 2B).

2.3. Clavulanic acid protects SH-SY5Y cells from MPP+-induced apoptosis
MPP+ disrupts mitochondrial membrane potential which alters the expression/localization of
pro- and anti-apoptotic proteins resulting in apoptosis (Selvaraj et al., 2009). Therefore, we
sought to confirm the anti-apoptotic effects of clavulanic acid by studying the proteins
involved in the mitochondrial-mediated apoptotic process. The apoptotic pathway is largely
mediated through Bcl2 family proteins, which include both pro-apoptotic members such as
Bax and Bak that promote mitochondrial permeability and anti-apoptotic members such as
Bcl2 and Bcl-xl that inhibit their effects (Antonsson et al., 1997; Desagherand Martinou,
2000). Treatment with MPP+ induced an increase in pro-apoptotic Bax protein in the
mitochondrial fraction. Consistent with this, a decrease in anti-apoptotic Bcl-xl protein was
also observed in the mitochondrial fraction. The disruption of mitochondrial transmembrane
potential and the subsequent cytochrome c release have been considered as an early event in
the apoptotic process. As expected a decrease in the amount of cytochrome c levels was
observed in the mitochondria of MPP+ treated cells (Fig. 3A). Interestingly, clavulanic acid
treatment in the presence of MPP+ resulted in a significant decrease in Bax protein to the
mitochondria (Fig. 3B). Moreover, clavulanic acid significantly increased the amount of
cytochrome c present in the mitochondria after MPP+ treatment (Fig. 3C) as well as
significantly increased the amount of anti-apoptotic Bcl-xl protein associated with the
mitochondria (Fig. 3D). Quantitative analysis of the Bcl-xl to Bax protein ratio associated
with the mitochondria shows that treatment with MPP+ significantly decreased the Bcl-
xl:Bax ratio which was significantly attenuated by clavulanic acid treatment (Fig. 3D).

In the cytoplasm, disruption of the mitochondrial membrane potential resulted in MPP+-
induced release of cytochrome c into the cytoplasm (Fig. 4B) from the mitochondria (Fig.
3C) whereas treatment with clavulanic acid attenuated the MPP+-induced release of
cytochrome c from the mitochondria to the cytoplasm (Fig. 4B). Upon release of
cytochrome c from the mitochondria, initiator caspase 9 is cleaved and activated and in turn
cleaves procaspase 3 (Budihardjo et al., 1999). Therefore, we investigated the expression of
cleaved caspase 9 and 3 after MPP+ and clavulanic acid treatment. As expected, MPP+

treatment resulted in cleaved caspase 9 and 3 expression in the cytoplasm (Fig. 4C and D).
In contrast, treatment with clavulanic acid decreased the amount of cleaved caspase 9 and 3
produced by MPP+ treatment (Fig. 4C and D). Taken together, these data indicate that
clavulanic acid protects against MPP+-induced mitochondrial mediated apoptosis.
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3. Discussion
The intrinsic apoptotic pathway is characterized by disruption of the mitochondrial inner
transmembrane potential, an increase in the mitochondrial membrane permeability, release
of cytochrome c into the cytoplasm, and activation of the caspase cascade. In addition to the
release of mitochondrial mediated apoptotic factors, reactive oxygen species (ROS) are
generated (Zamzami et al., 1995), leading to oxidation of lipids, proteins, and nucleic acids,
and further increasing the changes in the mitochondrial inner membrane potential (Marchetti
et al., 1997; Kroemer and Reed, 2000). The neurodegenerative consequences of PD are
produced by the selective loss of dopaminergic neurons in the substantia nigra and it is
believed that progressive mitochondrial changes in dopaminergic cells, leading to apoptosis
may underlie the root cause of PD. Although the exact mechanism of PD induced neuronal
death is still vague, it is known that the loss of dopaminergic neurons involves multiple cell
death pathways and therefore therapies that inhibit apoptosis may be of enormous potential
in treating PD.

The MPP+ model has been used as a paradigm for PD since it has been shown to mimic
dopaminergic cell death as seen in PD (Sonsalla and Heikkila, 1986;Schober, 2004). Our
studies indicate that clavulanic acid protects against cell death caused by MPP+ by
attenuating apoptosis. Apoptosis is associated with MPTP-induced neurotoxicity (Javitch et
al., 1985; Smeyne and Jackson-Lewis, 2005) and it has been shown that apoptosis may be
involved in the etiology of PD. MPP+ toxicity has been shown to activate caspase 9 and 3 in
many cell types and is also associated with apoptosis and mitochondrial mediated cell death
pathway.

Since our previous in vivo studies indicated that clavulanic acid protected hippocampal and
dopaminergic neurons in rodents exposed to kainic acid or MPTP and improved motor
function in MPTP-treated mice in a behavioral test (Huh et al., 2010), we wanted to
investigate the effects of clavulanic acid on apoptosis at the cellular level. Our studies verify
that MPP+ toxicity in SH-SY5Y cells induces apoptosis, which is characterized by a
decrease in mitochondrial membrane potential, generation of ROS, release of cytochrome c
into the cytoplasm, translocation of Bax and Bcl-xl, and activation of caspase 9 and 3. As
depicted in Fig. 5, clavulanic acid attenuates MPP+-induced apoptosis. Treatment with
clavulanic acid increases cell survival after MPP+ treatment. Moreover, clavulanic acid
maintains the mitochondrial membrane potential and significantly decreases the production
of ROS by MPP+. The ability of clavulanic acid to enhance cell survival is further
characterized by a decrease in cytochrome c release into the cytoplasm, maintenance of Bcl-
xl localization to the mitochondria, and a decrease in cleaved caspase 9 and 3 after MPP+

treatment. Taken together, these data indicate that clavulanic acid protects against MPP+-
induced apoptosis in SH-SY5Y cells.

PD and other neurodegenerative diseases such as AD are characterized by
neurodegeneration. It has been hypothesized that PD is specifically characterized by the
accumulation of mitochondrial damage and dysregulation, leading to apoptosis (Burke,
1998;Samii et al., 2004). The MPTP model has been used to mimic neuronal apoptosis in
order to investigate PD. We propose that clavulanic acid inhibits the ability of MPP+ to
generate an increase in the release of ROS from the mitochondrial permeability transition
pore, leading to a decrease in mitochondrial membrane potential, release of cytochrome c
from the mitochondria to the cytoplasm, activation of caspase 9 and 3 through alterations in
Bax and Bcl-xl leading to apoptosis as depicted in Fig. 5. We find that clavulanic acid
protects against apoptosis caused by MPP+ in neuronal cells as well as in vivo animal
models, indicating that clavulanic acid’s potential as a therapy against neurodegenerative
diseases such as PD.
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4. Experimental procedure
4.1. SH-SY5Y culture and MTT assays

SH-SY5Y cells were cultured in a medium containing DMEM, Hanks’ balanced salt
solution (HBSS), F-12 medium (2:1:1) with 10% heat inactivated fetal bovine serum
(Invitrogen, CA) supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin in a
water-saturated atmosphere of 5% CO2 at 37 °C. Cells were differentiated into neuronal
cells by the addition of retinoic acid (as described in Ammer and Schulz, 1994).
Differentiated cells were treated with 250 μM MPP+ or 500 μM MPP+ in the presence or
absence of different concentrations of clavulanic acid (1 μM or 10 μM or 100 μM or 500
μM) for 24 h. Cell viability was measured by using the Vybrant MTT cell proliferation
assay kit (Molecular Probes, OR). Absorbance was read at 570 nm (630 nm as a reference)
on a microplate reader (Molecular Device, CA). Cell viability was expressed as a percentage
where control mock treated cells were considered as 100%.

4.2. Measurement of mitochondrial membrane potential
Mitochondrial transmembrane potential was measured using fluorescent cationic dye
rhodamine 123. It has been shown that the uptake of rhodamine 123 into mitochondria is a
function of mitochondrial transmembrane potential (Ferreiro et al., 2008). Depolarization of
mitochondrial membrane potential results in the loss of Rh123 from the mitochondria and a
decrease in intracellular fluorescence. SH-SY5Y cells were incubated with MPP+ (24 h) in
the presence or absence of 500 μM clavulanic acid followed by 20 min incubation with 10
μM of rhodamine 123 at 37 °C in DMEM media. The fluorescence signals of the dye were
measured immediately at an excitation wavelength of 488 nm and an emission wavelength
of 510 nm using a fluorescence microplate reader. The results were expressed as percentage
of increase or decrease above control fluorescence.

4.3. Measurement of intracellular reactive oxygen species (ROS)
Cells were treated with 500 μM MPP+ in the presence or absence of 500 μM clavulanic acid
for 24 h and then incubated with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate(DCFH-
DA) (Molecular Probes Inc., OR) for 30 min at 37 °C. Cells were washed twice with PBS
and the fluorescence intensity was captured using a microplate reader with an excitation
wavelength of 485 nm and emission wavelength of 520 nm.

4.4. Western blot analyses and assessment of apoptosis
To perform western blot analyses, cytosolic and mitochondrial fractions were prepared by
using mitochondrial isolation kits (Sigma-Aldrich, MO) in control mock treated, MPP+

treated and clavulanic acid pretreated along with MPP+ treatment. Protein concentrations
were determined using the DC protein assay kit (Bio-Rad, CA). Samples were resolved on
NuPAGE 4–12% Bis-Tris gel (Invitrogen, CA), transferred to polyvinylidenedifluoride
(PVDF) membranes and probed with respective antibodies as labeled in the figure.
Peroxidase-conjugated respective secondary antibodies were used to label the proteins and
detected using ECL reagent and Bio-Rad Quantity One (CA)system.
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Fig. 1.
The protective effect of clavulanic acid against MPP+ induced toxicity in SH-SY5Y cells:
SH-SY5Y cells were treated with 250 μM MPP+ or 500 μM MPP+ in the presence or
absence of clavulanic acid for 24 h. Cell viability was assessed by using the MTT assay. The
viability of untreated controls was defined as 100%. Data are expressed as means ±SD
(n=6). *p<0.05 compared with respective controls.
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Fig. 2.
Clavulanic acid protects against MPP+ induced ROS generation and loss in mitochondrial
membrane potential: (A) SH-SY5Y cells were treated with 500 μM MPP+ in the presence or
absence of clavulanic acid for 24 h and then loaded with DCFH-DA to measure ROS
generation. (B) Mitochondrial membrane potential was measured by using Rhodamine 123.
Cells were loaded with Rhodamine 123 after the respective treatment to measure the
mitochondrial membrane potential. Data are expressed as means ±SD (n=6). *p<0.05
compared with respective controls.
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Fig. 3.
Clavulanic acid inhibits the MPP+ induced mitochondrial mediated apoptotic pathway: SH-
SY5Y cells were treated with 500 μM MPP+ in the presence or absence of clavulanic acid
for 24 h. Cells were harvested; mitochondrial fractions were prepared by using
mitochondrial isolation kit (Sigma-Aldrich) and subjected to western blotting using
indicated antibodies (Fig. 3A). Quantification of relative expression of Bax (B), cytochrome
c (C), and Bcl-xl (D) is provided in the bar graph. E indicates the ratio of Bcl-xl to Bax in
control, 500 μM MPP+ in the presence or absence of clavulanic acid. *p<0.05 compared
with respective controls.
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Fig. 4.
Clavulanic acid inhibits MPP+-mediated apoptotic pathway by caspase activation: SH-SY5Y
cells were treated with 500 μM MPP+ in the presence or absence of clavulanic acid for 24 h.
For whole cell lysates, cells were harvested, lysed in RIPA buffer (Millipore) and subjected
to western blotting using individual antibodies as described in the figure (A). Quantification
of relative expression of cytochrome c in the cytosol (B), caspase 3 (C), and caspase 9 (D) is
provided as bar graph. *p<0.05 compared with respective controls.
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Fig. 5.
Schematic of neuroprotection by clavulanic acid: Model for MPP+ induced dopaminergic
loss and clavulanic acid mediated neuroprotection. MPP+ increases ROS production and
induces mitochondrial dysfunction. This leads to the opening of the mitochondrial transition
pore, release of cytochrome c and caspase activation. In contrast, pretreatment with
clavulanic acid inhibits ROS production, restores mitochondrial function and inhibits
apoptosis in dopaminergic cells that lead to increased neuronal survival.
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