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Previous drug screens aiming to identify disease-modifying compounds for Parkinson’s disease have typically been based on

toxin-induced in vitro and in vivo models of this neurodegenerative condition. All these compounds have failed to have a reliable

disease-modifying effect in subsequent clinical trials. We have now established a novel approach, namely to screen an entire

compound library directly in patient tissue to identify compounds with a rescue effect on mitochondrial dysfunction as a crucial

pathogenic mechanism in Parkinson’s disease. The chosen Microsource Compound library contains 2000 compounds, including

1040 licensed drugs and 580 naturally occurring compounds. All 2000 compounds were tested in a step-wise approach for their

rescue effect on mitochondrial dysfunction in parkin (PARK2) mutant fibroblasts. Of 2000 compounds, 60 improved the mitochon-

drial membrane potential by at least two standard deviations. Subsequently, these 60 compounds were assessed for their toxicity

and drug-like dose-response. The remaining 49 compounds were tested in a secondary screen for their rescue effect on intracellular

ATP levels. Of 49 compounds, 29 normalized ATP levels and displayed drug-like dose response curves. The mitochondrial rescue

effect was confirmed for 15 of these 29 compounds in parkin-mutant fibroblasts from additional patients not included in the initial

screen. Of 15 compounds, two were chosen for subsequent functional studies, namely ursocholanic acid and the related compound

dehydro(11,12)ursolic acid lactone. Both compounds markedly increased the activity of all four complexes of the mitochondrial

respiratory chain. The naturally occurring compound ursolic acid and the licensed drug ursodeoxycholic acid are chemically closely

related to ursocholanic acid and dehydro(11,12)ursolic acid lactone. All four substances rescue mitochondrial function to a similar

extent in parkin-mutant fibroblasts, suggesting a class effect. The mitochondrial rescue effect depends on activation of the

glucocorticoid receptor with increased phosphorylation of Akt and was confirmed for both ursocholanic acid and ursodeoxycholic

acid in a Parkin-deficient neuronal model system. Of note, both ursocholanic acid and ursodeoxycholic acid also rescued mito-

chondrial function in LRRK2G2019S mutant fibroblasts. Our study demonstrates the feasibility of undertaking drug screens in

Parkinson’s disease patients’ tissue and has identified a group of chemically-related compounds with marked mitochondrial

rescue effect. Drug repositioning is considered to be a time- and cost-saving strategy to assess drugs already licensed for a different

condition for their neuroprotective effect. We therefore propose both ursolic acid as a naturally occurring compound, and urso-

deoxycholic acid as an already licensed drug as promising compounds for future neuroprotective trials in Parkinson’s disease.
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Introduction
Parkinson’s disease is a common and relentlessly progressive,

incurable neurodegenerative condition. Its world-wide prevalence

is expected to double by 2030 (Dorsey et al., 2007). Currently

available drugs only result in symptomatic improvement with

limited efficacy. In the past, compounds were typically tested for

their putative neuroprotective effect in toxin-induced, in vitro and

in vivo models of Parkinson’s disease. However, exposure to

toxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP) only partially resembles the mechanisms leading to

Parkinson’s disease, if at all. Subsequently undertaken clinical

trials failed to confirm a beneficial, disease-modifying effect for

any compound with a promising initial effect in these traditional

MPTP models (Lang, 2006). Mitochondrial dysfunction is a key

mechanism in the pathogenesis of both sporadic and familial

Parkinson’s disease (Exner et al., 2012). Mutations in the auto-

somal recessively inherited parkin (also known as PARK2) gene are

the most common identifiable cause of early-onset Parkinson’s

disease. The LRRK2G2019S mutation is the most common identifi-

able cause of monogenically inherited late-onset Parkinson’s dis-

ease (Hardy, 2010). We have previously demonstrated abnormal

mitochondrial function with specific lowering of complex I activity

of the mitochondrial respiratory chain in skin fibroblasts of parkin-

mutant patients with Parkinson’s disease (Mortiboys et al., 2008).

We and others subsequently also reported mitochondrial dysfunc-

tion in fibroblasts from patients with the LRRK2G2019S mutation

(Mortiboys et al., 2010; Papkovskaia et al., 2012).

The aim of this study was to undertake an in vitro compound

screen in Parkinson’s disease mutant patient tissue to identify

mitochondrial rescue compounds. Our project is based on the hy-

pothesis that any compound with a robust mitochondrial rescue

effect in Parkinson’s disease patient tissue is more likely to exert a

subsequent beneficial effect in clinical trials than those compounds

that have only been tested in toxin-induced model systems. Two

thousand compounds from the Microsource Spectrum Collection

(www.msdiscovery.com) were assessed for their rescue effect on

mitochondrial function in several stages. This compound library

consists of 1040 licensed drugs, 580 natural compounds and

420 other bioactive compounds. The large proportion of licensed

drugs and natural compounds made it plausible to assume that

any positive hits in our compound screen could rapidly be taken

into clinical trials.

Materials and methods

Patients
The project was reviewed by the local ethics committee. Informed

consent was taken from all research participants (see Supplementary

Table 1 for further information on all patients included in this study).

There was no significant difference in age between the four parkin-

mutant patients and their four matched controls (age in years � SD

parkin-mutant patients, 40.5 � 6.5; controls, 38.5 � 5.5). Similarly,

there was no significant difference in age between the three

LRRK2G2019S mutant patients and their three matched controls

(LRRK2G2019S mutant patients, age 59 � 5.5; controls, age 61 � 4.5).

Groups were also sex matched.

Methods
Fibroblast cell culture conditions as well as measurement of mitochon-

drial membrane potential, respiratory chain function and cellular ATP

production were carried out as previously described (Mortiboys et al.,

2008).

Z-scores
In order to assess the robustness and reproducibility of the assays used

as primary and secondary screens we undertook rigorous testing using

Z’ and SW score calculations as described (http://www.ncats.nih.

gov/). See Supplementary material for further information.

Primary drug screen

Stage 1

Parkin-mutant fibroblasts from two parkin-mutant patients were incu-

bated with all 2000 Microsource Spectrum Collection compounds for

24 h at a concentration of 10 mM. Each drug treatment was carried out

in duplicate, thus, a total of four drug exposure experiments were

carried out at the first stage for each compound. A positive hit was

defined a priori as a compound that would improve the mitochondrial

membrane potential by more than 3 standard deviations (SD) in at

least three of the experiments and by at least 2 SD in the fourth

experiment. Positive hits were then tested further in cell-free assays

to exclude a possible false-positive effect due to autofluorescence of

the drug or a drug interaction with tetramethylrhodamine methyl ester

(TMRM). In addition, compounds were tested for any cellular toxicity

effects using the lactate dehyodrogenase (LDH) assay as described

previously (Mortiboys et al., 2008). Furthermore, dose-response

assessments (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30 and 100 mM) were

undertaken to determine the shape of the dose response curves.

Stage 2

Positive hits from the Stage 1 experiments were assessed for their

rescue effect on intracellular ATP levels. As before, parkin-mutant

fibroblasts from the same two patients and matched controls were

treated twice at a concentration of 10 mM for 24 h. A positive hit at

Stage 2 was again defined as a compound that improved intracellular

ATP levels by at least 3 SD in at least three experiments and by at least

2 SD in the fourth. Positive hits were tested for dose response curves

(0.01–100 mM) again. Positive hits with a sigmoidal dose-response

curve were tested for their recovery effects on ATP levels in an add-

itional two parkin-mutant patient and matched control fibroblast lines.

Stage 3

Selected top hits from Stage 2 were then assessed further for their

effect on the four individual mitochondrial respiratory chain complexes

in fibroblasts from four parkin-mutant patients and matched control

subjects. Fibroblasts (�1.4 � 107 cells) were treated for 24 h with

100 nM of each compound before being harvested by trypsinization

and used for all further analyses. Mitochondrially enriched fractions

and individual mitochondrial respiratory chain assays were all done

as described previously (Mortiboys et al., 2008). All data are expressed

to mg protein. Protein was measured using the Bradford assay (Peirce)

as per the manufacturers’ instructions.
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Functional studies

Pharmacological inhibition of glucocorticoid receptor

Fibroblasts were plated (5000 cells per well) into 96 well plates. After

24 h, cells were treated with 1 mM RU486 for 4 h before adding either

100 nM of selected compounds (see ‘Results’ section). Cellular ATP

levels were measured 24 h later as described above.

Small interfering RNA glucocorticoid receptor
knockdown

Small interfering RNA oligonucleotides were targeted to the

glucocorticoid receptor gene (NR3C1), target sequence AAGTG

CAAACCTGCTGTGTTT or scramble control small interfering RNA

(both Qiagen). Small interfering RNAs (10 nM) (NC3C1-targeted or

scramble negative) were transfected into fibroblasts using 0.5 mM

Lipofectamine� 2000 according to the manufacturers’ instructions.

Knockdown efficiency of the glucocorticoid receptor protein was

assessed using the glucocorticoid receptor ELISA (Abnova) at 48 h

post-transfection as per the manufacturer’s instructions. Twenty-four

hours post-transfection cells were treated with 100 nM of selected

compounds; cellular ATP levels were measured 24 h later as described

above.

Quantification of total Akt and phosphorylated
Akt at Ser473

Akt and phosphorylated (p)Akt Ser473 ELISAs (Invitrogen) were per-

formed on fibroblast cell lysates as per the manufacturer’s instructions

using the provided standards to calculate the amount of protein pre-

sent. All data are presented as a ratio of pAkt (Ser473): total Akt.

Pharmacological inhibition of the Akt pathway

Fibroblasts were plated (5000 cells per well) into 96 well plates. After

24 h, cells were treated with 1 mM LY294002 or 50 nM triciribine for

15 min before adding 100 nM of selected compounds. Cellular ATP

levels were measured 24 h later as described above.

Confirmatory experiments
Mouse cortical neurons were prepared from embryonic Day 15 mouse

embryos as previously described (Kasher et al., 2009). Approximately

6 � 104 neurons were plated into each well of a 96-well plate (previ-

ously coated with poly-L-lysine) or 2 � 105 neurons were plated into

each well of a 24-well plate for either ATP assays or harvesting for

western blot analysis or fixed for imaging. After 5 days in culture

neurons we transfected using the Accell siRNA and Accell siRNA

media (as per the manufacturer’s instructions, Dharmacon) with

either scramble-negative control small interfering RNA (Accell mouse

control siRNA kit, Dharmacon) or parkin small interfering RNA

(sequence GUUUCCACUUGUAUUGUGU). Forty-eight hours post-

transfection neurons were dosed with various concentrations of com-

pounds and 24 h later the cellular ATP assay was performed as

described above, or neurons were harvested for western blotting.

Western blotting was performed as described previously (Mortiboys

et al., 2008). Coverslips were fixed with 4% paraformaldehyde for

30 min with subsequent PBS washes. Cells were permeabilized with

0.1% TritonTM X-100 for 10 min at room temperature and blocked

with 1% goat serum for 1 h. Cells were incubated with primary anti-

bodies (rabbit anti-Parkin; Abcam and mouse anti-TOM-20; BD

Biosciences) at 1:500 overnight at 4�C with subsequent PBS washes

and incubation with rabbit anti-mouse and goat anti-rabbit secondary

antibodies for 1 h at room temperature. Cells were stained with

Hoescht and then mounted into glass slides using ProLong� Gold

(Invitrogen).

Cellular ATP levels were measured as described previously

(Mortiboys et al., 2008) in fibroblasts from three LRRK2G2019S

mutant patients with Parkinson’s disease and three age and sex-

matched controls. The cells were treated with 100 nM of the selected

compounds for 24 h before measurement.

Statistical analysis
Values from multiple experiments were expressed as means � SE (stand-

ard error). Statistical significance (Bonferroni corrected) was assessed

using Student’s t-test for data with a normal distribution, a non-paramet-

ric t-test was used for data with a skewed distribution. The effect of

multiple factors was assessed using a two-way ANOVA test.

Results
A summary of our screening strategy is given in Fig. 1. Of 2000

compounds, 60 improved the mitochondrial membrane potential

in parkin-mutant fibroblasts by 43 SD in three of the four

experiments and by 42 SD in the fourth. Two compounds elicited

an increase in the TMRM fluorescence signal in subsequent cell-

free assays and were thus excluded as false-positive. A further

nine compounds had to be excluded due to their toxicity

(Table 1). Full dose-response curves were established for all 49

remaining compounds, which were then also further assessed for

their effect on total intracellular ATP levels. Of 49 compounds, 35

increased the ATP levels in the parkin-mutant fibroblasts by 43

SD in at least three experiments and by 42 SD in the fourth

(Table 1). Full dose-response curves were carried out using these

top 35 compounds. Six compounds did not display a drug-like,

sigmoidal dose response curve and were therefore excluded, leav-

ing 29 compounds.

Each of these 29 compounds was then tested for their rescue

effect on cellular ATP levels in a further two patient fibroblast lines

and two control fibroblast lines. Of 29 compounds, 15 rescued

cellular ATP levels by 43 SD in all four parkin-mutant fibroblast

lines tested (Table 2).

Of 15 compounds, two, namely ursocholanic acid and dehydro

(11,12) ursolic acid lactone (DUA), were selected for further

assessment. Reasons for not investigating the remaining 13 com-

pounds forward at this stage are listed in Table 2 and, in greater

detail, in the Supplementary material. Ursocholanic acid and DUA

were then further assessed for their effect on the activity of com-

plexes I–IV of the respiratory chain. Ursocholanic acid significantly

rescued and increased the activity of complexes I–IV by 200–

500% (Fig. 2). Treatment with DUA achieved very similar results

(Supplementary Fig. 1).

Interestingly, 7 of the 15 Stage 2 positive hits were steroids or

related compounds with four carbon rings forming the (steroid)

backbone of each particular compound, including ursocholanic

acid and DUA (Table 2). We therefore hypothesized that their

observed rescue effect was mediated through activation of the

glucocorticoid receptor. To further test this hypothesis, parkin-

mutant cells were pretreated with the glucocorticoid receptor an-

tagonist RU486 to determine whether glucocorticoid receptor
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inhibition may abolish the observed rescue effect of DUA and

ursocholanic acid on ATP levels. As predicted, RU486 completely

eliminated the rescue effect of all tested compounds on cellular

ATP levels (Fig. 3A). To further validate these results, we used a

different method, namely small interfering RNA-mediated gluco-

corticoid receptor knockdown before treatment with ursocholanic

acid or DUA. Glucocorticoid receptor protein knockdown was con-

firmed to be 75% � 3.8% (mean � SD) using ELISA at 48 h post

transfection (data not shown). As predicted, small interfering

RNA-mediated glucocorticoid receptor knockdown abolished the

rescue effect of 100 nM ursocholanic acid or DUA on intracellular

ATP levels (Fig. 3B).

Ursolic acid and ursodeoxycholic acid were not part of the initially

screened Microsource Compound Library, but are chemically related

to ursocholanic acid and DUA (Fig. 4). Ursolic acid exerts its beneficial

effect on muscle atrophy through Akt activation, namely by

increased phosphorylation of Akt at Ser473 (Kunkel et al., 2011).

Similarly, ursodeoxycholic acid exerts its protective effect against

mitochondria-dependent programmed cell death in SH-SY5Y cells

through Akt activation (Chun and Low, 2012).

We therefore assessed the effect of DUA and ursocholanic acid

in parkin-mutant fibroblasts on Akt phosphorylation at Ser473.

There was a marked increase in the pAktSer473:Akt protein ratio

by 400% after treatment with DUA and 305% after treatment

with ursocholanic acid (P50.05) in parkin-mutant fibroblasts

compared with the ratio in untreated parkin-mutant fibroblasts

(Fig. 5A). Interestingly, this change was only evident in parkin-

mutant fibroblasts, the pAktSer473:Akt ratio in control fibroblasts

remained constant after drug treatment. We next aimed to con-

firm that both ursocholanic acid and DUA are exerting their mito-

chondrial rescue effect through activation of the Akt pathway

rather than Akt activation merely being associated with the

rescue effect of our top compounds. As predicted, pretreatment

with either Akt inhibitor LY29400 (a phosphatidylinositol 3-kinase

inhibitor) or triciribine (a selective inhibitor of cellular phosphoryl-

ation/activation of Akt) abolished the rescue effect of ursocholanic

acid and DUA on cellular ATP levels in parkin-mutant fibroblasts

(Fig. 5B).

Neither DUA nor ursocholanic acid are FDA-licensed drugs; little

information is available on their bioavailability and safety in humans.

In contrast, the chemically closely related bile acid ursodeoxycholic

acid has been in clinical use as treatment for primary biliary cirrhosis

for 430 years. Its clinical pharmacokinetics are well characterized

(Ward et al., 1984). The chemically closely related ursolic acid is a

naturally occurring compound present in many plants. Based on their

structural similarities, we hypothesized that both ursolic acid and

ursodeoxycholic acid may have a similar mitochondrial rescue

effect as DUA and ursocholanic acid. Indeed, both ursolic acid and

ursodeoxycholic acid normalized intracellular ATP levels similar to the

effect observed for DUA and ursocholanic acid (Fig. 6).

Effect in Parkin-deficient neuronal
model system
We next assessed the rescue effect of ursocholanic acid and urso-

deoxycholic acid in a neuronal cell culture model. Small interfering

RNA mediated knockdown of parkin resulted in a reduction of Parkin

protein levels by 80% in cortical mouse neurons as shown by western

blotting and a decrease in cellular ATP levels by 40%. Treatment with

10 pM ursocholanic acid or 10 pM ursodeoxycholic acid rescued the

cellular ATP loss in these Parkin-deficient neurons (Fig. 7). Thus,

ursocholanic acid and ursodeoxycholic acid have a rescue effect on

mitochondrial dysfunction not only in parkin-mutant fibroblasts but

also in parkin-deficient neurons.

Rescue effect in LRRK2G2019S mutant
patient tissue
We finally determined whether ursocholanic acid and the chem-

ically related and FDA-licensed drug ursodeoxycholic acid also

have a mitochondrial rescue effect in other forms of familial

Figure 1 This flowchart shows an overview of the screening strategy used. Each part of the screen is depicted as is the number of positive

hit compounds that were taken to the next stage of the screen.
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Table 1 Positive hits of the primary screen, and results from stage 1 and 2 of the drug screen

Drug name Stage 1 Stage 2

Cell
free

Toxicity EC50
MMP

ATP
recovery

Dose
response
curve

EC50
ATP

Podophyllotoxin acetate 3 3 Ambiguous X X X

2,6-Dimethoxyquinone 3 3 1 mM X X X

Ginkgolic acid 3 3 1.6 mM 3 3 250 nM

2’,Beta-dihydroxychalcone 3 3 200 nM 3 3 250 nM

Gatifloxacin 3 3 100 nM 3 3 250 nM

Amlodipine besylate 3 3 1 mM 3 3 250 nM

Simvastatin 3 3 1 mM X X X

Hydroquinone 3 3 1 mM X X X

7-Methoxychromone 3 3 100 nM X X X

Perindopril erbumine 3 3 12 mM 3 3 150 nM

Ceftibuten 3 3 1 mM 3 3 250 nM

Cefdinir 3 3 25 mM 3 3 350 nM

3Alpha-hydroxy-3-deoxyangolensic acid methyl ester 3 3 100 nM 3 3 150 nM

Dibenzothiophene 3 3 600 nM X X X

Clonidine hydrochloride 3 3 1 mM X X X

Desipramine hydrochloride 3 X X X X X

Ginkgolide a 3 3 100 nM 3 3 150 nM

Sericetin 3 3 158 nM 3 3 150 nM

Friedelin 3 3 1 mM 3 3 150 nM

3Beta,7beta-diacetoxydeoxodeacetoxydeoxydihydrogedunin 3 3 240 nM X X X

Oleanolic acid acetate 3 X X X X X

Pristimerol diacetate 3 3 631mM 3 3 125 nM

Khellin 3 3 6 mM 3 3 250 nM

Khivorin 3 3 6 mM X X X

Allopurinol 3 3 1 mM X X X

Menthone 3 X 7 mM X X X

Acetylcholine 3 X 60 mM X X X

Probenecid 3 X 13 mM X X X

Enalapril maleate 3 X 2 mM X X X

Acivicin 3 X 31 mM X X X

Ephedrine (1 R,2S) hydrochloride 3 3 Ambiguous 3 X X

Propylthiouracil 3 3 Ambiguous 3 X X

Clobetasol propionate 3 3 10 mM 3 3 1 mM

Santonin 3 3 125 nM X X X

Ursocholanic acid 3 3 1 mM 3 3 350 nM

Methylergonovine maleate 3 3 Ambiguous 3 X X

Androsterone sodium sulfate 3 3 5 mM 3 3 350 nM

Dehydro (11,12)ursolic acid lactone (no longer available) 3 3 100mM 3 3 350 nM

Cholest-5-en-3-one 3 3 1 mM 3 X X

Fluorometholone 3 3 350 nM 3 X X

Prazosin hydrochloride 3 3 250 nM 3 3 150 nM

Narasin 3 X X X X X

Cedryl acetate 3 X X X X X

N-benzyltropan-4-ol X 3 X X X X

Naproxol X 3 X X X X

Hydroxychloroquine sulphate 3 3 1.2 mM 3 3 1 mM

11-Oxoursolic acid acetate (no longer available) 3 3 0.1 nM 3 3 150 nM

Prednisolone 3 3 446 mM 3 3 350 nM

Ebselen 3 3 100 nM 3 3 1 mM

Racephedrine hydrochloride 3 3 5 mM X X X

Snap (S-nitroso-N-acetylpenicillamine) 3 3 200 nM X X X

3-Amino-beta-pinene 3 3 10 mM 3 3 1 mM

Benzalkonium chloride 3 3 12.5 nM 3 3 1 mM

Melezitose 3 3 1 mM 3 3 1 mM

(continued)
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Parkinson’s disease. We therefore investigated the effect of these

compounds on cellular ATP levels in LRRK2G2019S mutant patient

tissue. Treatment of LRRK2G2019S mutant fibroblasts from three

different patients with Parkinson’s disease carrying this mutation

with 10 nM of ursocholanic acid or ursodeoxycholic acid for 24 h

resulted in complete rescue of cellular ATP levels (Fig. 8), similar to

the effect observed in parkin-mutant patient tissue. Therefore, the

beneficial effect of these compounds does not appear to be limited

to parkin-associated Parkinson’s disease.

Discussion
The strong evidence of mitochondrial dysfunction in both sporadic

and familial Parkinson’s disease suggests targeting mitochondria as

a promising strategy for disease-modifying therapy in Parkinson’s

disease (Meissner et al., 2011; Schapira, 2012). We had previously

demonstrated a complete rescue of mitochondrial dysfunction in

parkin-mutant patient tissue using the glutathione precursor

Table 1 Continued

Drug name Stage 1 Stage 2

Cell
free

Toxicity EC50
MMP

ATP
recovery

Dose
response
curve

EC50
ATP

3-Oxoursan (28-13)olide 3 3 1 mM X X X

Budesonide 3 3 390 nM 3 3 1 mM

Prednisolone acetate 3 3 150 nM 3 3 1 mM

Furegrelate sodium 3 3 3.9 nM X X X

Tamoxifen citrate 3 3 1 nM 3 3 1 mM

6,7-Dichloro-3-hydroxy-2-quinoxalinecarboxylic acid 3 3 Ambiguous 3 X X

This table details the positive hits of the primary screen and the results from each part of stage 1 and stage 2 of the drug screen. 3 indicates that the compound fulfilled the
necessary criteria and went through this particular stage; X indicates it did not and was therefore not taken any further. ‘Cell free’ indicates whether the compound reacted
with the fluorescent dye tetramethylrhodamine methyl ester (TMRM) in a cell free assay. The ‘Tox’ column provides information on possible toxicity of the respective
compound. ‘EC50 MMP’ indicates the EC50 concentration of the compounds in the mitochondrial membrane potential assay. ‘ATP recovery’ indicates if the compounds
were also effective in recovering the ATP levels in parkin-mutant fibroblasts. ‘Dose response curve’ indicates whether the compounds displayed a known characterised dose
response curve shape. ‘EC50 ATP’ provides information about the EC50 of the compounds in the cellular ATP assay.

Table 2 Top 15 hits that rescued the mitochondrial membrane potential and cellular ATP levels in all four patients and had
drug-like dose response curves

Drug name Compound origin Steroid like
structure

Additional comments

Gatifloxacin Synthetic X Antibiotic with negative effect on glucose homeostasis and
neurological function in vivo

Amlodipine besylate Synthetic X Ca-antagonist, concerns about side-effect profile (including
oedema, insomnia, dizziness, depression)

3Alpha-hydroxy-3-deoxyangolensic
acid methyl ester

Natural X No information on use in humans or rodents

Ginkgolide a Natural X Previous studies have given inconsistent results for
neuroprotective effect of ginkgo in neurodegenerative
disease and related model systems

Pristimerol diacetate Semi synthetic X No information on use in humans or rodents

Ephedrine (1R,2S) hydrochloride Natural X Sympatomimetic amine, intolerance and drug interaction
likely in Parkinson’s disease

Ursocholanic acid Natural 3 Taken forward

Androsterone sodium sulphate Semi synthetic 3 Steroid, excluded due to likelihood of side effects on long
term treatment

Dehydro (11,12)ursolic acid lactone Natural 3 Taken forward

Cholest-5-en-3-one Semi synthetic 3 cholesterol, excluded due to likelihood of side effects on
long term treatment

Hydroxychloroquine sulphate Synthetic X Inhibitory effect on mitophagy

11-Oxoursolic acid acetate Natural 3 Unable to obtain more of the compound

Budesonide Semi synthetic 3 Steroid with high-first pass effect, excluded due to likelihood
of limited biological availability

Prednisolone acetate Semi synthetic 3 Steroid, excluded due to likelihood of side effects on long
term treatment

Tamoxifen citrate Synthetic X Can cause cognitive impairment and other major side effects

Additional information is provided on origin of compound, the presence of a steroid-like structure as well as justification for not taking the majority of these compounds
forward. The two compounds taken forward are the chemically related substances ursocholanic acid and dehydro (11,12) ursolic acid lactone. Additional information on

those compounds that have been excluded from further analysis is provided in the Supplementary material.
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L-2-oxothiazolidine-4-carboxylic acid (OTCA) and also a mild par-

tial rescue effect on mitochondrial function after rapamycin treat-

ment (Mortiboys et al., 2008; Tain et al., 2009). Based on these

‘proof of principle’ data, we have now undertaken the first drug

screen in Parkinson’s disease patient tissue and identified a group

of chemically-related compounds with marked rescue effect on

mitochondrial function. Our data are in keeping with previous

studies that reported a protective effect of the taurine conjugate

of ursodeoxycholic acid (TUDCA) against mitochondrial toxins in

parkin-deficient Caenorhabditis elegans (Ved et al., 2005).

Recently, an Akt-mediated, partial neuroprotective effect of

TUDCA on MPTP-induced dopaminergic cell death has been

observed in a mouse model of Parkinson’s disease (Castro-

Caldas et al., 2012). Our data strongly suggest a class effect for

bile acids and their derivates such as DUA, ursocholanic acid and

ursodeoxycholic acid and the natural pentacyclic triterpenoid

Figure 2 Rescue of mitochondrial function in parkin-mutant fibroblasts by treatment with 100 nM ursocholanic acid (UCA) for 24 h.

(A) Mitochondrial membrane potential and (B) cellular ATP levels are decreased in untreated fibroblasts of patients with parkin mutations

compared with untreated controls (P5 0.05), treatment with ursocholanic acid results in normalization of mitochondrial membrane

potential and ATP levels (P50.05). (C) Mitochondrial membrane potential and (D) cellular ATP levels after treatment with increasing

concentrations of ursocholanic acid for 24 h, reflecting a sigmoidal dose response curve. (E and F) Activity of each of the individual

respiratory chain enzymes are increased by treatment with ursocholanic acid in both control and parkin-mutant fibroblasts. Data presented

are corrected to protein levels *P5 0.05, **P50.01, ***P5 0.001.
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ursolic acid. The bioavailability of ursolic acid and its dose-depend-

ent increase in brain tissue of mice has been well characterized

(Yin et al., 2012). A beneficial effect of both ursolic acid and

ursodeoxycholic acid or TUDCA has also been described in differ-

ent in vitro and in vivo model systems for other

neurodegenerative conditions, including Alzheimer’s disease,

Huntington’s disease and stroke (Keene et al., 2002; Rodrigues

et al., 2003; Ramalho et al., 2008; Wilkinson et al., 2011).

Of note, 7 of 15 of the compounds that rescued both the mito-

chondrial membrane potential and cellular ATP levels as well as

Figure 3 Inhibition or knockdown of the glucocorticoid receptor abolishes the rescue effect of ursocholanic acid (UCA) and DUA in

parkin-mutant fibroblasts. (A) Cellular ATP levels are reduced in parkin-mutant patient fibroblasts (black bars) compared with controls

(white bars) and recovered to normal levels after treatment with 100 nM ursocholanic acid or DUA for 24 h. This rescue effect is com-

pletely abolished by pretreatment with 1mM RU486 (glucocorticoid receptor antagonist) for 4 h. (B) Cellular ATP levels are reduced in

parkin mutant patient fibroblasts transfected with either scramble small interfering RNA (dark grey bars) or glucocorticoid receptor small

interfering RNA (black bars) compared with control fibroblasts transfected with scramble small interfering RNA (white bars) or gluco-

corticoid receptor small interfering RNA (light grey bars) *P50.05. Treatment with 100 nM ursocholanic acid or DUA completely rescues

this defect in parkin mutant fibroblasts transfected with scramble small interfering RNA (white and dark grey bars) but not in parkin

mutant fibroblasts transfected with glucocorticoid receptor small interfering RNA treatment with ursocholanic acid and DUA (black bars)

compared with controls also transfected with glucocorticoid receptor small interfering RNA (light grey bars). DMSO = dimethylsulphoxide.

Figure 4 Structures of the top two compounds identified from the original drug screen, namely (A) dehydro (11,12) ursolic acid lactone and

(C) ursocholanic acid and two further compounds which are structurally similar, namely (B) ursolic acid and (D) ursodeoxycholic acid. The

structural similarities are highlighted in red. The structures are represented in standard chemical format displaying the 3D orientation of

groups. Where no group is specified a methyl group is attached. Hydrogens are only shown if they affect the 3D orientation of the molecule.
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having drug-like dose response curves had a steroid-like structure.

Lim et al. (2012) reported independently a neuroprotective effect

of the chemically closely related sterol biosynthesis intermediate

lanosterol. Both ursolic acid and lanosterol induce mild mitochon-

drial uncoupling that has been proposed as a promising strategy

for disease modification in Parkinson’s disease (Liobikas et al.,

2011; Ho et al., 2012; Lim et al., 2012).

The inhibition of the mitochondrial rescue effect of DUA and

ursocholanic acid after pretreatment with RU486 is in keeping

with previous observations on glucocorticoid receptor-mediated

biological activity of ursolic acid or ursodeoxycholic acid (Tanaka

and Makino, 1992; Sharma et al., 2011). However, genome-wide

gene expression studies did not reveal any relevant and consistent

changes in parkin-mutant fibroblasts after treatment with ursolic

acid or DUA (data not shown). In particular, there was no effect

on messenger RNA levels of mitochondrial master regulators such

as PGC1alpha (now known as PPARGC1A) or mitochondrial

uncoupling proteins. The biological function of glucocorticoids

encompasses both genomic and non-genomic effects, including

direct binding to the mitochondrial membrane, which can lead

to partial uncoupling of oxidative phosphorylation (Haller et al.,

2008).

We appreciate that our work largely focused on assessing the

effect of compounds in parkin-mutant Parkinson’s disease patient

tissue. However, the beneficial effect of the lead compound, urso-

cholanic acid and the chemically related licensed drug ursodeoxy-

cholic acid were also clearly apparent in LRRK2G2019S mutant

fibroblasts. Ten per cent of all sporadic and �30% of familial

Parkinson’s disease can be due to the LRRK2G2019S mutation in

Ashkenazi Jewish patients with Parkinson’s disease (Ozelius et al.,

2006). The prevalence may be even higher in other populations

(Lesage et al., 2006). The mitochondrial phenotype is generally

accepted to be correct for PARK2 but additional work is needed to

determine whether rescue of mitochondrial function will result in

at least partial rescue of neuronal dysfunction and cell loss in

LRRK2G2019S-mutant model systems. If this was to be the case,

then our lead compounds or structurally related drugs may already

have a beneficial effect in a significant number of patients with

Parkinson’s disease even if their effect was limited to parkin- and

LRRK2G2019S mutant patients with Parkinson’s disease only.

Mitochondrial dysfunction was first implicated in the pathogen-

esis of Parkinson’s disease when drug abusers developed parkin-

sonism after accidental exposure to the complex I inhibitor MPTP

(Abou-Sleiman et al., 2006; Schapira, 2008). Subsequently, several

groups reported independently decreased complex I activity in

Parkinson’s disease (Mizuno et al., 1989; Parker et al., 1989;

Schapira et al., 1989). It is now widely accepted that mitochon-

drial dysfunction and impaired morphology play a crucial role in

the pathogenesis of early-onset Parkinson’s disease due to muta-

tions in parkin (PARK2), PINK1 or DJ1 (PARK7) (Cookson and

Bandmann, 2010). Mitochondrial dysfunction has also been

observed in patient tissue (see above) or model systems of late-

onset Parkinson’s disease due to mutations in LRRK2 or alpha

synuclein (SNCA) (Loeb et al., 2010; Hindle et al., 2013). Akt, a

protein kinase with multiple targets, is activated by successive

phosphorylation at two sites. Failure of Akt signalling has been

described as the ‘common core’ underlying neuronal degeneration

and cell death in both familial and sporadic Parkinson’s disease

(Greene et al., 2011). Akt phosphorylation is reduced in dopamin-

ergic neurons of sporadic Parkinson’s disease (Malagelada et al.,

2008; Timmons et al., 2009). Both increased expression of alpha

synuclein (SNCA) and SNCA mutations lead to reduced Akt

Figure 5 The rescue effect of ursocholanic acid and DUA is Akt

mediated. (A) pAktSer473 protein levels as a ratio to total Akt

protein levels as measured by ELISA. pAktSer473 levels are

increased in parkin-mutant patient cells after treatment with

both ursocholanic acid (grey bars) and DUA (black bars)

(***P50.001, *P50.05). (B and C) Cellular ATP levels in

control fibroblasts (white bars) and parkin-mutant fibroblasts

(black bars). Pretreatment with the phosphatidylinositol

3-kinases (PI 3-kinase) inhibitor LY29400 or triciribine, which

selectively inhibit the cellular phosphorylation/activation of Akt,

abolish the rescue effect of both ursocholanic acid (B) and DUA

(C) (*P50.05). DMSO = dimethylsulphoxide.
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activation (Chung et al., 2011). Similarly, LRRK2 mutations (in

particular G2019S) as well as Parkin, PINK1 and DJ1 deficiency

result in decreased Akt phosphorylation (Yang et al., 2005; Fallon

et al., 2006; Murata et al., 2011; Ohta et al., 2011). In contrast,

the protective effect of beta-synuclein is mediated by increased

Akt phosphorylation and increased parkin expression normalizes

reduced Akt phosphorylation in MPTP-treated mice (Hashimoto

et al., 2004; Yasuda et al., 2011). Further work is needed to de-

termine whether the mitochondrial rescue effect and increased Akt

phosphorylation at Ser473 after treatment with ursocholanic acid

and DUA (as observed in our parkin-mutant fibroblast model) can

also be observed in other forms and model systems of Parkinson’s

disease.

Ursodeoxycholic acid has been licensed for the treatment of

patients with primary biliary cirrhosis since 1980. It is typically

used at a dose of 10 mg/kg of body weight per day in patients

with primary biliary cirrhosis but Parry et al. (2010) also reported

‘excellent’ safety and tolerability of ursodeoxycholic acid in

patients with motor neuron disease at 15 mg, 30 mg and

50 mg/kg per day. There was a significant correlation between

serum and CSF concentrations of ursodeoxycholic acid. There is

therefore good rationale to assume that ursodeoxycholic acid may

also be well tolerated in Parkinson’s disease and cross the blood–

brain barrier. Drug repositioning of FDA-licensed drugs such as

ursodeoxycholic acid is a promising strategy to save time and

costs but Parkinson’s disease-specific, reliable data on safety,

tolerability and CSF penetration of ursodeoxycholic acid will never-

theless be of paramount importance before ursodeoxycholic acid

can be taken into clinical trials to assess its putative disease-

modifying effect in Parkinson’s disease.

Dopaminergic neurons derived from inducible stem cells have

already been used to assess compounds for their putative rescue

effect on crucial pathogenic mechanisms for Parkinson’s disease

and other conditions (Cooper et al., 2012). However, the inducible

stem cells-based approach, although in many ways exciting and

promising, is also costly and not without inherent problems. Our

study demonstrates that a step-wise strategy, encompassing an

initial screen in Parkinson’s disease patient fibroblasts but

Figure 6 Rescue of cellular ATP levels by 24-h treatment of parkin-mutant fibroblasts with 100 nM ursocholanic acid (UCA, A), DUA

(B), ursolic acid (UA, C) and ursodeoxycholic acid (UDCA, D). Cellular ATP levels are significantly reduced in untreated parkin-mutant

patient fibroblasts (*P50.05) but significantly increased after treatment with any of these four respective drugs (*P50.05, **P5 0.01).
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subsequent confirmation of top hits in a neuronal model system

may be a less costly and more robust strategy.

Previous studies investigating the potential rescue effect of

pharmacological compounds in model systems of early onset

Parkinson’s disease have concentrated on a hypothesis-driven

approach testing individual compounds rather than assessing a

compound library in a hypothesis-free approach. Vitamin K(2)

acts as a mitochondrial electron carrier that rescues mitochondrial

dysfunction in pink1-deficient Drosophila (Vos et al., 2012).

However, it is unclear whether vitamin K(2) also rescues mito-

chondrial dysfunction in Parkin deficiency. The disaccharide trehal-

ose increases the removal of abnormal proteins through

enhancement of autophagy. Trehalose treatment ameliorates tau

pathology but fails to revert the loss of dopaminergic neurons in a

mouse model of tauopathy with parkinsonism, overexpressing

human mutated tau protein with deletion of parkin (Rodriguez-

Navarro et al., 2010). Co-enzyme Q10 reduces the vulnerability of

inducible stem cell-derived, PINK1 mutant neural cells to the

lowest, but not to high concentrations of valinomycin and conca-

mycin A, rapamycin did not reduce lactate dehydrogenase release

after exposure to these toxins. In contrast, both rapamycin and

the LRRK2 inhibitor GW5074 reduced the production of mito-

chondrial reactive oxygen species in PINK1 mutant neural cells

exposed to valinomycin. However, none of these compounds

were assessed for their rescue effect on baseline mitochondrial

(dys)function in PINK1 mutant model systems before toxin expos-

ure (Cooper et al., 2012). Future drug screens may be preceeded

by in silico screens assessing compounds for their likely effect on

enhancing the biological activity of proteins such as Parkin or

PINK1, but also on other proteins such as thioredoxin with a

reported rescue effect in Parkin-deficient Drosophila (Umeda-

Kameyama et al., 2007; Trempe et al., 2013). Other therapeutic

approaches include the overexpression of enzymes bypassing com-

plex I activity such as the Saccaromyces cerevisiae enzyme Ndi1p

(Vilain et al., 2012).

Acknowledgements
We would like to thank all research participants.

Funding
Financial support from Parkinson’s UK (G-0715 and G-0901) is

gratefully acknowledged.

Suppplementary material
Supplementary material is available at Brain online.

References
Abou-Sleiman PM, Muqit MM, Wood NW. Expanding insights of mito-

chondrial dysfunction in Parkinson’s disease. Nat Rev Neurosci 2006;

7: 207–19.

Figure 7 Ursocholanic acid (UCA) and ursodeoxycholic acid

(UDCA) rescue effect in cortical neurons with small interfering

RNA mediated parkin knockdown. (A) Western blot showing

Parkin band at �50 kDa and actin band at �40 kDa in scramble

small interfering RNA and parkin small interfering RNA trans-

fected cortical neurons. (B) Parkin protein levels are reduced by

80% in parkin small interfering RNA knockdown cortical

neurons as assessed by western blotting (***P5 0.001).

(C) Cellular ATP levels in cortical neurons at 9 days in culture

transfected with either scramble small interfering RNA (white

bars), or parkin small interfering RNA (black bars). There is a

reduction of 43% in cellular ATP levels in the parkin small

interfering RNA transfected cells, (**P50.01), which is rescued

by treatment with 10 pM ursocholanic acid or ursodeoxycholic

acid. DMSO = dimethylsulphoxide.

Figure 8 Cellular ATP levels are reduced in fibroblasts from

three LRRK2G2019S mutant patients (black bars) compared with

controls (white bars) *P50.05. There is complete recovery of

ATP to normal levels after treatment with 10 nM ursocholanic

acid or 10 nM ursodeoxycholic acid for 24 h.

DMSO = dimethylsulphoxide.

3048 | Brain 2013: 136; 3038–3050 H. Mortiboys et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/136/10/3038/328243 by guest on 20 M

arch 2024

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awt224/-/DC1


Castro-Caldas M, Carvalho AN, Rodrigues E, Henderson CJ, Wolf CR,

Rodrigues CM, et al. Tauroursodeoxycholic acid prevents MPTP-

induced dopaminergic cell death in a mouse model of Parkinson’s

disease. Mol Neurobiol 2012; 46: 475–86.

Chun HS, Low WC. Ursodeoxycholic acid suppresses mitochondria-de-

pendent programmed cell death induced by sodium nitroprusside in

SH-SY5Y cells. Toxicology 2012; 292: 105–12.

Chung JY, Lee SJ, Lee SH, Jung YS, Ha NC, Seol W, et al. Direct inter-

action of alpha-synuclein and AKT regulates IGF-1 signaling: implica-

tion of Parkinson disease. Neurosignals 2011; 19: 86–96.
Cookson MR, Bandmann O. Parkinson’s disease: insights from pathways.

Hum Mol Genet 2010; 19: R21–7.

Cooper O, Seo H, Andrabi S, Guardia-Laguarta C, Graziotto J,

Sundberg M, et al. Pharmacological rescue of mitochondrial deficits

in iPSC-derived neural cells from patients with familial Parkinson’s dis-

ease. Sci Transl Med 2012; 4: 141ra190.
Dorsey ER, Constantinescu R, Thompson JP, Biglan KM, Holloway RG,

Kieburtz K, et al. Projected number of people with Parkinson disease in

the most populous nations, 2005 through 2030. Neurology 2007; 68:

384–6.

Exner N, Lutz AK, Haass C, Winklhofer KF. Mitochondrial dysfunction in

Parkinson’s disease: molecular mechanisms and pathophysiological

consequences. EMBO J 2012; 31: 3038–62.

Fallon L, Belanger CM, Corera AT, Kontogiannea M, Regan-Klapisz E,

Moreau F, et al. A regulated interaction with the UIM protein Eps15

implicates parkin in EGF receptor trafficking and PI(3)K-Akt signalling.

Nat Cell Biol 2006; 8: 834–42.

Greene LA, Levy O, Malagelada C. Akt as a victim, villain and potential

hero in Parkinson’s disease pathophysiology and treatment. Cell Mol

Neurobiol 2011; 31: 969–78.
Haller J, Mikics E, Makara GB. The effects of non-genomic glucocorticoid

mechanisms on bodily functions and the central neural system. A

critical evaluation of findings. Front Neuroendocrinol 2008; 29:

273–91.

Hardy J. Genetic analysis of pathways to Parkinson disease. Neuron

2010; 68: 201–6.

Hashimoto M, Bar-On P, Ho G, Takenouchi T, Rockenstein E, Crews L,

et al. Beta-synuclein regulates Akt activity in neuronal cells. A possible

mechanism for neuroprotection in Parkinson’s disease. J Biol Chem

2004; 279: 23622–9.

Hindle S, Afsari F, Stark M, Middleton CA, Evans GJ, Sweeney ST, et al.

Dopaminergic expression of the Parkinsonian gene LRRK2-G2019S

leads to non-autonomous visual neurodegeneration, accelerated by

increased neural demands for energy. Hum Mol Genet 2013; 22:

2129–40.
Ho PW, Ho JW, Liu HF, So DH, Tse ZH, Chan KH, et al. Mitochondrial

neuronal uncoupling proteins: a target for potential disease-modifica-

tion in Parkinson’s disease. Transl Neurodegener 2012; 1: 3.
Kasher PR, De Vos KJ, Wharton SB, Manser C, Bennett EJ, Bingley M,

et al. Direct evidence for axonal transport defects in a novel

mouse model of mutant spastin-induced hereditary spastic

paraplegia (HSP) and human HSP patients. J Neurochem 2009; 110:

34–44.

Keene CD, Rodrigues CM, Eich T, Chhabra MS, Steer CJ, Low WC.

Tauroursodeoxycholic acid, a bile acid, is neuroprotective in a trans-

genic animal model of Huntington’s disease. Proc Natl Acad Sci USA

2002; 99: 10671–6.

Kunkel SD, Suneja M, Ebert SM, Bongers KS, Fox DK, Malmberg SE,

et al. mRNA expression signatures of human skeletal muscle atrophy

identify a natural compound that increases muscle mass. Cell Metab

2011; 13: 627–38.

Lang AE. Neuroprotection in Parkinson’s disease: and now for something

completely different? Lancet Neurol 2006; 5: 990–1.
Lesage S, Durr A, Tazir M, Lohmann E, Leutenegger AL, Janin S, et al.

LRRK2 G2019S as a cause of Parkinson’s disease in North African

Arabs. N Engl J Med 2006; 354: 422–3.

Lim L, Jackson-Lewis V, Wong LC, Shui GH, Goh AX, Kesavapany S,

et al. Lanosterol induces mitochondrial uncoupling and protects

dopaminergic neurons from cell death in a model for Parkinson’s dis-

ease. Cell Death Differ 2012; 19: 416–27.

Liobikas J, Majiene D, Trumbeckaite S, Kursvietiene L, Masteikova R,

Kopustinskiene DM, et al. Uncoupling and antioxidant effects of urso-

lic acid in isolated rat heart mitochondria. J Nat Prod 2011; 74:

1640–4.

Loeb V, Yakunin E, Saada A, Sharon R. The transgenic overexpression of

alpha-synuclein and not its related pathology associates with complex I

inhibition. J Biol Chem 2010; 285: 7334–43.
Malagelada C, Jin ZH, Greene LA. RTP801 is induced in Parkinson’s

disease and mediates neuron death by inhibiting Akt phosphoryl-

ation/activation. J Neurosci 2008; 28: 14363–71.
Meissner WG, Frasier M, Gasser T, Goetz CG, Lozano A, Piccini P, et al.

Priorities in Parkinson’s disease research. Nat Rev Drug Discov 2011;

10: 377–93.

Mizuno Y, Ohta S, Tanaka M, Takamiya S, Suzuki K, Sato T, et al.

Deficiencies in complex I subunits of the respiratory chain in

Parkinson’s disease. Biochem Biophys Res Commun 1989; 163:

1450–5.

Mortiboys H, Johansen KK, Aasly JO, Bandmann O. Mitochondrial im-

pairment in patients with Parkinson disease with the G2019S mutation

in LRRK2. Neurology 2010; 75: 2017–20.

Mortiboys H, Thomas KJ, Koopman WJ, Klaffke S, Abou-Sleiman P,

Olpin S, et al. Mitochondrial function and morphology are impaired

in parkin-mutant fibroblasts. Ann Neurol 2008; 64: 555–65.
Murata H, Sakaguchi M, Jin Y, Sakaguchi Y, Futami J, Yamada H, et al.

A new cytosolic pathway from a Parkinson disease-associated kinase,

BRPK/PINK1: activation of AKT via mTORC2. J Biol Chem 2011; 286:

7182–9.

Ohta E, Kawakami F, Kubo M, Obata F. LRRK2 directly phosphorylates

Akt1 as a possible physiological substrate: impairment of the kinase

activity by Parkinson’s disease-associated mutations. FEBS Lett 2011;

585: 2165–70.

Ozelius LJ, Senthil G, Saunders-Pullman R, Ohmann E, Deligtisch A,

Tagliati M, et al. LRRK2 G2019S as a cause of Parkinson’s disease in

Ashkenazi Jews. N Engl J Med 2006; 354: 424–5.
Papkovskaia TD, Chau KY, Inesta-Vaquera F, Papkovsky DB, Healy DG,

Nishio K, et al. G2019S leucine-rich repeat kinase 2 causes uncoupling

protein-mediated mitochondrial depolarization. Hum Mol Genet 2012;

21: 4201–13.

Parker WD Jr, Boyson SJ, Parks JK. Abnormalities of the electron trans-

port chain in idiopathic Parkinson’s disease. Ann Neurol 1989; 26:

719–23.

Parry GJ, Rodrigues CM, Aranha MM, Hilbert SJ, Davey C, Kelkar P,

et al. Safety, tolerability, and cerebrospinal fluid penetration of urso-

deoxycholic acid in patients with amyotrophic lateral sclerosis. Clin

Neuropharmacol 2010; 33: 17–21.
Ramalho RM, Viana RJ, Low WC, Steer CJ, Rodrigues CM. Bile acids and

apoptosis modulation: an emerging role in experimental Alzheimer’s

disease. Trends Mol Med 2008; 14: 54–62.

Rodrigues CM, Sola S, Nan Z, Castro RE, Ribeiro PS, Low WC, et al.

Tauroursodeoxycholic acid reduces apoptosis and protects against

neurological injury after acute hemorrhagic stroke in rats. Proc Natl

Acad Sci USA 2003; 100: 6087–92.

Rodriguez-Navarro JA, Rodriguez L, Casarejos MJ, Solano RM, Gomez A,

Perucho J, et al. Trehalose ameliorates dopaminergic and tau path-

ology in parkin deleted/tau overexpressing mice through autophagy

activation. Neurobiol Dis 2010; 39: 423–38.
Schapira AH. Mitochondria in the aetiology and pathogenesis of

Parkinson’s disease. Lancet Neurol 2008; 7: 97–109.
Schapira AH. Targeting mitochondria for neuroprotection in Parkinson’s

disease. Antioxid Redox Signal 2012; 16: 965–73.
Schapira AH, Cooper JM, Dexter D, Jenner P, Clark JB, Marsden CD.

Mitochondrial complex I deficiency in Parkinson’s disease. Lancet

1989; 1: 1269.
Sharma R, Prichard D, Majer F, Byrne AM, Kelleher D, Long A, et al.

Ursodeoxycholic acid amides as novel glucocorticoid receptor modula-

tors. J Med Chem 2011; 54: 122–30.

Ursocholanic acid in familial PD Brain 2013: 136; 3038–3050 | 3049

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/136/10/3038/328243 by guest on 20 M

arch 2024



Tain LS, Mortiboys H, Tao RN, Ziviani E, Bandmann O, Whitworth AJ.
Rapamycin activation of 4E-BP prevents parkinsonian dopaminergic

neuron loss. Nat Neurosci 2009; 12: 1129–35.

Tanaka H, Makino I. Ursodeoxycholic acid-dependent activation of the

glucocorticoid receptor. Biochem Biophys Res Commun 1992; 188:
942–8.

Timmons S, Coakley MF, Moloney AM, O’Neill C. Akt signal trans-

duction dysfunction in Parkinson’s disease. Neurosci Lett 2009; 467:

30–5.
Trempe JF, Sauve V, Grenier K, Seirafi M, Tang MY, Menade M, et al.

Structure of Parkin reveals mechanisms for ubiquitin ligase activation.

Science 2013; 340: 1451–5.
Umeda-Kameyama Y, Tsuda M, Ohkura C, Matsuo T, Namba Y,

Ohuchi Y, et al. Thioredoxin suppresses Parkin-associated endothelin

receptor-like receptor-induced neurotoxicity and extends longevity in

Drosophila. J Biol Chem 2007; 282: 11180–7.
Ved R, Saha S, Westlund B, Perier C, Burnam L, Sluder A, et al. Similar

patterns of mitochondrial vulnerability and rescue induced by genetic

modification of alpha-synuclein, parkin, and DJ-1 in Caenorhabditis

elegans. J Biol Chem 2005; 280: 42655–68.
Vilain S, Esposito G, Haddad D, Schaap O, Dobreva MP, Vos M, et al.

The yeast complex I equivalent NADH dehydrogenase rescues pink1

mutants. PLoS Genet 2012; 8: e1002456.

Vos M, Esposito G, Edirisinghe JN, Vilain S, Haddad DM, Slabbaert JR,

et al. Vitamin K2 is a mitochondrial electron carrier that rescues pink1

deficiency. Science 2012; 336: 1306–10.

Ward A, Brogden RN, Heel RC, Speight TM, Avery GS. Ursodeoxycholic

acid: a review of its pharmacological properties and therapeutic effi-

cacy. Drugs 1984; 27: 95–131.

Wilkinson K, Boyd JD, Glicksman M, Moore KJ, El Khoury J. A high

content drug screen identifies ursolic acid as an inhibitor of amyloid

beta protein interactions with its receptor CD36. J Biol Chem 2011;

286: 34914–22.

Yang Y, Gehrke S, Haque ME, Imai Y, Kosek J, Yang L, et al. Inactivation

of Drosophila DJ-1 leads to impairments of oxidative stress response

and phosphatidylinositol 3-kinase/Akt signaling. Proc Natl Acad Sci

USA 2005; 102: 13670–5.

Yasuda T, Hayakawa H, Nihira T, Ren YR, Nakata Y, Nagai M, et al.

Parkin-mediated protection of dopaminergic neurons in a chronic

MPTP-minipump mouse model of Parkinson disease. J Neuropathol

Exp Neurol 2011; 70: 686–97.

Yin MC, Lin MC, Mong MC, Lin CY. Bioavailability, distribution, and

antioxidative effects of selected triterpenes in mice. J Agric Food

Chem 2012; 60: 7697–701.

3050 | Brain 2013: 136; 3038–3050 H. Mortiboys et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/136/10/3038/328243 by guest on 20 M

arch 2024


