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Introduction and the aim of the thesis
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INTRODUCTION

Neurodegenerative diseases  

Due to the growing aging population and a concomitant higher occurrence of aging-related 

neurodegenerative diseases, neurodegenerative disorders have now become a highly relevant issue in 

medical care. In addition to the devastating personal and social consequences for the patient, the increase 

in aging-related diseases also comes with a significant economical burden. The term “neurodegeneration” 

covers a heterogeneous group of hereditary or sporadic medical conditions characterized by a 

progressive loss of function or structure of neurons leading to dysfunction of the nervous system1. 

Prototypical examples of neurodegenerative diseases include Parkinson’s disease, Alzheimer’s disease, 

frontotemporal lateral dementia and a group of polyglutamine repeat expansion (polyQ) disorders2-4. 

Although these disorders have diverse genetic origins, a large body of evidence indicates that they all 

share common characteristics that develop along as secondary pathological processes on a structural 

level. Oxidative stress, mitochondrial damage and inflammation are among these processes contributing 

to the progression of the neuronal dysfunction5-9.

Despite extensive efforts in neurodegenerative research, major improvements in the treatment regimen 

and quality of life of these patients during the last decades, there is still a major lack of profound 

understanding of the primary and secondary mechanisms underlying the pathology of neurodegenerative 

diseases. Together with increasing life expectancy, a high priority in elucidating the caus es, pathological 

mechanisms and, most importantly, therapies of neurodegenerative disorders emerged. Delaying the 

effects of age-related diseases would ultimately lead to a further increase in the quality of life and improve 

life expectancy, reduction of population maintenance costs and extension of the working force for a 

significant part of the population. 

Drosophila as a model for neurodegenerative diseases

In order to understand and treat neurodegenerative diseases, model organisms of these diseases are 

essential. Drosophila melanogaster (the fruit fly) is an organism highly suitable for this purpose. The first 

article on Drosophila melanogaster as an experimental organism was published more than a century 

ago10. Since then, the fruit fly has been extensively used in research as a model to study behavior, 

development and human diseases. The advantage of these models lies in the wide range of genetic and 

molecular techniques that can be used for research with D. melanogaster. In addition, they possess a 

relatively short life span and can be raised in large genetically identical cohorts, which provides high 

significance in statistical analysis in comparison with studies on mammals11, 12. Most importantly, the vast 

majority of human genes associated with disease are conserved in Drosophila, which enables extensive 

use of this model organism in research towards understanding of human (patho)-physiology13. Diabetes, 

heart diseases and cancer are examples of diseases that have been studied extensively with the use 

of specified fly models4-16. Examples of some of the first studies exploiting Drosophila to study human 

diseases are investigations using transgenic fruit flies as models for spinocerebellar ataxia type 3 (SCA3) 

and Huntington’s disease published in 199817, 18. Since then Drosophila has become one of the most 

commonly used model organism, also in the field of neurodegenerative diseases, and has contributed to 

expanding knowledge of molecular processes underlying these disorders19, 20. 

In this thesis, we have focused primarily on two neurodegenerative diseases, pantothenate kinase 

associated neurodegeneration (PKAN) and spinocerebellar ataxia type 3. Firstly, these two diseases have 

different causal factors and pathology; however they share similar secondary pathological processes 

that are associated with most of neurodegenerative diseases. Secondly, there is lack of understanding 

regarding underlying mechanisms of both of the disorders. Thirdly, both PKAN and SCA3 can be studied 

in fly models due to the reasons given below. Finally – and most importantly, - there are no efficient 

treatment strategies for either of these two diseases.

Further, a short description of these disorders together with their Drosophila models will be presented. 

Per disease, convenient disease models and possible rescue strategies will be discussed.

Coenzyme A deficiency and the Drosophila model of Pantothenate Kinase Associated 

Neurodegeneration

The first neurodegenerative disease that is featured in our studies is pantothenate kinase associated 

neurodegeneration (PKAN). PKAN is an early-onset disorder that belongs to the group of 

neurodegenerative diseases with brain iron accumulation and is characterized by progressive intellectual 

retardation, movement and speech impairment. Brain iron accumulation is a common characteristic of 

the diseases, however its role in the pathology remains unclear 21-23. Underlying pathological processes 

of PKAN are poorly understood. The disease was demonstrated to be linked to coenzyme A (CoA) 

metabolism after the discovery of a mutation in the PANK2 gene, encoding the first enzyme in the de novo 

CoA biosynthesis pathway24. CoA is an essential metabolite that participates in over hundred biochemical 

reactions in all organisms, and the CoA biosynthesis pathway is highly conserved throughout different 

species25-27. The canonical de novo CoA biosynthesis route involves five enzymatically catalysed steps. The 

first and rate limiting one is conversion of vitamin B5, or pantothenic acid, into 4’-phosphopantothenate 

by pantothenate kinase (PANK). Next, cysteine is condensed with 4’-phosphopantothenate by 

4’-phosphopantothenate synthetase (PPCS). The produced compound, 4’-phosphopantothenoylcysteine 

is then decarboxylated by 4’-phosphopantothenoylcysteine decarboxylase (PPCDC). The last two 

intermediates are then converted into CoA in an ATP-dependent manner: 4’-phosphopantetheine 

adenylyltransferase (PPAT) attaches an adenylyl group to 4’-phosphopantetheine producing dephospho-

CoA; the latter is phosphorylated by dephospho-CoA kinase (DPCK) to form the end metabolite CoA27, 28.

To elucidate multifaceted pathological processes underlying PKAN, several animal models of the disorder 

have been established. The Drosophila melanogaster model of PKAN carries a mutation in the dPANK/ 

fumble gene, an ortholog of human PANK2 and the only pantothenate kinase in the fly. Studies of CoA 

biosynthesis impairment in flies have disclosed a wide range of phenotypes, including sterility, lethality, 

reduced life cycle, defects in cell cycle and acetylation, impaired lipid homeostasis and increased sensitivity 

to ROS29-31. This highly versatile phenotypic profile makes it highly complicated to understand the exact 
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underlying pathological mechanisms of this disease. To date, there is no efficient treatment strategy 

for PKAN patients. One of the options to consider could be a specific approach of a CoA precursor 

replacement. In flies, it has already been demonstrated that supplementation of pantethine leads to a 

phenotype rescue of the CoA impaired model32. The same metabolite could hypothetically be used for 

the replacement therapy in patients. However, pantethine is proven to be unstable in serum, where it 

is enzymatically degraded into vitamin B5 and cysteamine by pantetheinases33-35. Hence, an alternative 

treatment approach should be identified. 

The published Drosophila models for PKAN are suitable to investigate possible rescuing compounds. 

However, these models also have several disadvantages. A major limitation of the existing Drosophila 

models for PKAN is the fact that they are not convenient for large-scale studies, like genetic or 

pharmacological screens, because Drosophila homozygous PKAN mutants show a high percentage of 

pupal lethality and adult survivors eclose in a very low percentage. Most likely, this is due to the fact that 

Drosophila pantothenate kinase is an essential gene. In order to be able to perform large screens, one 

needs a viable model with a modifiable phenotype that can be both enhanced or suppressed. 

Spinocerebellar ataxia type 3 and its Drosophila model

The second disease, which will be described, is spinocerebellar ataxia type 3 (SCA3), or Machado-Joseph 

disease. SCA3 is a rare hereditary neurodegenerative disease that belongs to the group of polyglutamine 

expansion disorders and is characterized by a progressive neuronal dysfunction. The pathology of SCA3 

is associated with an expanded glutamine-encoding sequence in the ATXN3 gene leading to toxic 

aggregation of the ataxin3 protein4, 36, 37. One of the most convenient animal models to study the molecular 

basis of this pathology is a Drosophila line expressing the polyglutamine expansion in the units of the 

compound eye of the fly, which are called ommatidia38. In this model, the disease causing transgene is 

overexpressed in the eye tissue by means of the well-established targeted GAL4 genetic system (Figure 1) . 

This system allows controlled transgene overexpression in a tissue-dependent manner39, 40.

The particular choice of the fly eye for the SCA3 model can be explained by the advantages of this target 

tissue. Processes such as cell proliferation, differentiation, apoptosis, cell cycle and tissue development can 

be studied in the eye, and multiple genetic tools have been developed to serve this purpose. Moreover, 

eye phenotypes of Drosophila are relatively well described and easily detectable, which allows large-scale 

genetic or chemical screens20. Moreover, abnormalities in the eye do not affect viability; therefore, severe 

effects on eye structure still allow large number of viable progeny.

By now, research in the SCA3 field has revealed multiple genetic and chemical ways of modulating the 

phenotype. For example, overexpression of the Drosophila ortholog of the human small heat shock 

protein HspB8 has been demonstrated to be protective against ataxin-3-mediated degeneration due 

to its anti-aggregation properties and facilitating autophagy41. Reduction of the SCA3 associated eye 

degeneration phenotype in Drosophila was also achieved by supplementation of lithium chloride via 

inhibition of glycogen synthase kinase 3β42. In a genetic modifier screen, another suppressor of SCA3, 

dMyc, the Drosophila homolog of human cMyc, a protein encoded by a proto-oncogene, has been 

detected. Overexpressed dMyc was shown to exert its protective function via reduction of protein 

inclusion body accumulation, cellular stress and indirectly via improvement of histone acetylation43. 

These are only a few examples of modifiers of SCA3. Their heterogeneity as well as their diverse modes 

of action imply existence of other candidates that could also modulate the SCA3-associated phenotype 

and potentially serve as a basis for the development of polyQ therapy strategies. In the next paragraph, a 

possible non-genetic modifier for neurodegenerative diseases will be discussed.

Hydrogen sulfide and its potential therapeutic role in neurodegeneration

Neurodegeneration is closely associated with general pathological processes, such as an increase 

in production of reactive oxygen species (ROS) and inflammation44. Gasotransmitters, like carbon 

monoxide and nitric oxide, have long been known to exert beneficial effects in these processes45, 46. 

Recently another gas, hydrogen sulfide (H
2
S) was claimed to belong to the group of gasotransmitters 

due to its functions within organisms47. H
2
S is a gas that had long been reckoned with for its toxic effects 

on biological systems48. However, in the past decades various beneficial physiological functions of H
2
S 

have been brought to light. Expression of various H
2
S producing enzymes has been detected in almost 

all tissues and organs implying a particular role of the gas in the body. Indeed, numerous studies have 

identified that H
2
S exerts anti-inflammatory, vasorelaxation, pain perception, neuromodulation and many 

other essential functions49-51. However, disturbance of the H
2
S biosynthesis leads to pathological changes. 

Dysregulation of H
2
S producing enzymes in various studies leads to, among others, an inflammatory 

response, neurodegenerative phenotype and reverses H
2
S-induced increase in longevity52-54.

Driver:   GAL4 expressing line Responder:   UAS-transgene

Driver GAL4

GAL4

UAS transgene

F0:

F1: Driver GAL4

GAL4

UAS transgene

transgene

GAL4

Yeast transcriptional activator Target sequence for GAL4

Figure 1. The binary GAL4 system for targeted gene overexpression. Specific tissue driver induces expression of the GAL4 

protein 

The responder line possesses a transgene construct under control of the upstream activation sequence, which is not expressed in 

the absence of the GAL4 protein. Upon crossing driver and responder lines, the expressed GAL4 binds to UAS driving the expression 

of the transgene. This system allows overexpression of a construct or downregulating any gene of interest in a tissue-dependent 

manner.
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There are several lines of evidence suggesting that H
2
S is closely associated with neurodegeneration 

via a modulating role in oxidative stress. Induction of H
2
S biosynthesis was implicated in reduction of 

oxidative damage caused by reactive oxygen species (ROS)55, 56. This suggests a possible prospective 

function of H
2
S as a modulator of neurodegenerative phenotypes because many neurodegenerative 

disorders are associated with increased oxidative stress5. It was demonstrated that in Alzheimer’s disease, 

a neurodegenerative disease associated with oxidative stress, reduction in plasma H
2
S levels is observed57. 

Abnormal levels of H
2
S in neurodegenerative disorders might mean that the gas is linked to their 

underlying pathological processes. This idea is supported by the importance of H
2
S in the nervous and 

vascular systems 58. The pathology of SCA3 is also associated with increased oxidative stress59. Therefore, 

it is of high interest to study the effects of H
2
S on models for oxidative stress-related neurodegeneration 

to investigate in a more direct way a possible protective role of H
2
S. This approach has not been explored 

so far.

To evaluate effects of the H
2
S biosynthesis pathway in neurodegenerative diseases, this pathway can be 

induced or suppressed both genetically and chemically. In case of SCA3, this can be done in the existing 

Drosophila SCA3 model that exhibits a modifiable eye phenotype17, 60. For the second neurodegenerative 

disease that we studied, pantothenate kinase associated neurodegeneration (PKAN), no suitable easy 

modifiable model existed that could serve our purposes. Therefore, an appropriate model for PKAN had 

to be developed in addition to the established one. Subsequently, in such a model, the effects of H
2
S 

biosynthesis pathway on this disease could be investigated as well. Data concerning rescuing effects of 

H
2
S in two distinct models of diseases with a different origin could provide solid evidence whether H

2
S  

can affect neurodegenerative processes. 

AIM OF THE THESIS
Our research is intended to explore and clarify various rescue strategies for two well-defined 

neurodegenerative diseases of different nature, pantothenate kinase associated neurodegeneration 

(PKAN) and spinocerebellar ataxia type 3 (SCA3), focusing primarily on Drosophila melanogaster as a 

model organism. There are different approaches that can be applied to diminish a phenotype of a disease. 

The first approach we discuss here is a general rescue strategy, which operates against the primary and 

secondary pathological processes common for most of the neurodegenerative diseases. These include, 

for instance, strategies to prevent pathological protein aggregate formation, oxidative stress and increased 

immune response. Such an approach has been widely applied in studies showing neuroprotective effects 

of natural exogenous antioxidants in neurodegenerative diseases and aging 61. H
2
S biosynthesis pathway 

is an interesting potential modifying candidate pathway for this rescue strategy as it had been shown to 

exert neuroprotective functions62-65. 

The second and more specific rescue strategy studied in this thesis is decreasing the specific cause of 

the pathology; this approach can be applied, for example, in case of a deficiency of an end product 

of a de novo biosynthesis pathway, in such a case the rescue is based on supplying an organism with the 

lacking substance to artificially restore its physiological levels in cells.

The third rescue strategy discussed in this thesis is defined as follows: the search for chemical and genetic 

suppressors of the disease phenotype that are extraneous to the original causal pathway. An example 

of this kind of research, which was discussed here earlier, is overexpression of Myc that partially rescues 

the SCA3 model but yet is not involved in the pathogenesis of the disease43. In order to identify these 

suppressors, one needs a modifiable model. The Drosophila SCA3 flies represent such a modifiable 

model, however for PKAN such a model does not exist. Thus, in our study we aimed to develop such a 

PKAN model for future extensive studies to identify suppressors of PKAN.

In this thesis, the first two rescue approaches are applied in the studies and discussed in the example of 

PKAN and SCA3 disease models. To facilitate the third approach in future studies, a Drosophila wing model 

for PKAN is developed (Figure 2).

Chapter 2. General approach in treatment of SCA3: partial rescue of secondary pathological 

processes by genetic and chemical induction of the H
2
S pathway

H
2
S has recently been shown to exhibit physiological and therapeutic activity in various pathological 

processes in brain tissue of model organisms53, 62, 65, 66. Therefore, we aimed to study possible general 

rescuing effects of induction of the H
2
S biosynthesis pathway on a Drosophila model of spinocerebellar 

ataxia type 3. In our study, we used an established Drosophila eye model of the disease, which possesses 

easily assessable read-out parameters17, 60. Due to the obstacles related to the direct H
2
S exposure, in this 

study we rather overexpressed one of the H
2
S producing enzymes, cystathionine γ-lyase (CSE), and we 

supplemented sodium thiosulfate to the fly food, a drug safely administered to humans. This strategy 

induced a rescue, and we elucidated, which processes in neurodegeneration were affected by induction 

Rescue strategies of neurodegenerative phenotypes

General

Modulation of consequential (secondary) 
pathological processes

Inducing hydrogen sulfide biosynthesis 
in the SCA3 and PKAN background

Specific

Operating on the 
causal level 

of the disease

Search for suppressors 
unrelated to the  cause

of the disease

Replenishing CoA levels 
in the CoA deficient 
PKAN background

Developing a Drosophila 
wing model for CoA 

deficiency  for genetic and 
chemical screens

Figure 2. Rescue strategies of neurodegenerative phenotypes that are studied in this thesis.
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of H
2
S biosynthesis. We discussed that this treatment might serve as a novel strategy for the therapy of 

neurodegenerative diseases.

Chapter 3. Specific approach in treatment of PKAN: replenishing intracellular CoA levels by 

extracellular 4’-phosphopantetheine in the CoA deficient background

It has been previously demonstrated that CoA levels are decreased in the Drosophila model of PKAN, 

which lacks the CoA producing enzyme, pantothenate kinase (dPANK/Fbl)32. In this chapter, we aimed 

to study the specific rescue approach on in vitro and in vivo PKAN models by direct exogenous 

supplementation of the deficient compound, CoA, to cells or organisms. Our research focused on a yet 

unknown source of CoA in CoA-deficient cells that employed uptake of exogenously supplemented CoA 

using only two of the classic enzymes of the de novo CoA biosynthesis pathway. Supplemented CoA 

was extracellularly converted into 4’-phosphopantetheine, which translocated into the cells via passive 

transport and was then enzymatically converted to CoA. This novel finding in the field of fundamental cell 

biology can be potentially applied in therapy of CoA deficiency-related human diseases and reveals an 

interesting prospect of CoA-targeted treatment of microbial infectious diseases.

Chapter 4. Specific and general approaches in treatment of PKAN: developing a Drosophila 

wing model for genetic and chemical screens that can be modulate by the H
2
S biosynthesis 

pathway

Rescue approaches of PKAN / CoA deficiency so far have focused on restoring the levels of CoA in the 

cell. These strategies did not lead to a sufficient rescue of all the phenotypes associated with the disease. 

This might be due to the fact that it is too late for the CoA externally supplied to the cells to cope with the 

damage caused by its deficiency in the earlier stages. Processes that are affected during the course of the 

disease can possibly not be restored by replenishing the CoA pool afterwards. Therefore, other strategies 

in modulating the PKAN phenotype drew our attention. In this chapter, we explored other rescuing 

strategies for PKAN in addition to rescue by replenishing CoA levels. In order to be able to investigate 

this, first, we had to create a convenient disease model for large-scale studies. This model had to fulfill 

the following criteria: the phenotype should be viable to allow analysis of the phenotype enhancers; the 

phenotype should be clearly visible, easy and fast to score. Once the model was developed, our next goal 

was to test potential suppressors and/or enhancers of the disease phenotypes to evaluate the model. The 

developed model can be used in the future for large-scale studies such as genetic or chemical screens 

to identify modifiers and this can offer a new point of view on possible therapeutic strategies for PKAN.

Chapter 5. Summarizing discussion and perspectives

Our research proves that modification of neurodegenerative phenotypes can be reached not only by 

acting specifically on the causal pathway of the disease, such as replenishing CoA levels in PKAN, but also 

by genetic and chemical modulation of other genetic pathways. These pathways are virtually unrelated 

to the disease origin, such as upregulation of the transsulfuration pathway in SCA3 or PKAN diseases that 

acts on the level of secondary pathological processes of the diseases. Our experiments were performed 

in different Drosophila models of neurodegenerative disease. In this chapter, we further discuss possible 

pathology mechanisms and potential strategies of therapeutic interventions in neurodegenerative 

diseases. We also propose possibilities of application of general rescue strategies studied in this thesis 

in other neurodegenerative diseases with similar pathological processes, such as, for instance, use of 

sodium thiosulfate in patients, as the compound induces the transsulfuration pathway and is an FDA-

approved drug67, 68. We speculate about future perspectives of CoA and H
2
S related research and suggest 

potential application of our novel Drosophila model.



19 18 

1

CHAPTER 1 INTRODUCTION  

REFERENCES
1.  Beal, M. Flint., Lang, Anthony E., Ludolph,Albert 

C.,. in Neurodegenerative diseases : neurobiology, 
pathogenesis, and therapeutics (Cambridge University 
Press, Cambridge, UK; New York, 2005).

2.  Appleby, Brian S, Lyketsos,Constantine G,. Rapidly 
progressive dementias and the treatment of human 
prion diseases. EOP Expert Opinion on Pharmacotherapy 
12, 1-12 (2011).

3.  Lang Anthony E. Parkinson’s Disease. N. Engl. J. Med. 
339, 1130 (1998).

4.  Zoghbi Huda Y. Glutamine Repeats and 
Neurodegeneration. Annu. Rev. Neurosci. 23, 217 (2000).

5.  Lin, Michael T., Beal,M.Flint,. Mitochondrial dysfunction 
and oxidative stress in neurodegenerative diseases. 
Nature Nature 443, 787-795 (2006).

6.  Sas Katalin K. Mitochondria, metabolic disturbances, 
oxidative stress and the kynurenine system, with focus 
on neurodegenerative disorders. J. Neurol. Sci. 257, 221-
39 (2007-6-15).

7.  Patten David A DA. Reactive oxygen species: stuck in 
the middle of neurodegeneration. J. Alzheimer’s Dis. 20, 
357-67 (2010).

8.  Cahill-Smith, Sarah,Li, Jian-Mei,. Oxidative stress, redox 
signalling and endothelial dysfunction in ageing-related 
neurodegenerative diseases: a role of NADPH oxidase 2. 
BCP British Journal of Clinical Pharmacology 78, 441-453 
(2014).

9.  Stolp, H. B., Dziegielewska,K.M.,. Review: Role of 
developmental inflammation and blood-brain 
barrier dysfunction in neurodevelopmental and 
neurodegenerative diseases. NAN Neuropathology and 
Applied Neurobiology 35, 132-146 (2009).

10.  Carpenter, F. W. The Reactions of the Pomace Fly 
(Drosophila ampelophila Loew) to Light, Gravity, and 
Mechanical Stimulation. Am. Nat. 39, 157-171 (1905).

11.  Jeibmann A, P. W. Drosophila melanogaster as a model 
organism of brain diseases. International journal of 
molecular sciences 10, 407-40 (2009).

12.  Ashburner, M. & W. in 1-81. (Academic Press, 1978).

13. Fortini ME, Skupski MP, Boguski MS,Hariharan IK,. A 
survey of human disease gene counterparts in the 
Drosophila genome. J. Cell Biol. 150, 23-30 (2000).

14.  Baker, Keith D., Thummel,Carl S.,. Diabetic Larvae and 
Obese Flies—Emerging Studies of Metabolism in 
Drosophila. CMET Cell Metabolism 6, 257-266 (2007).

15.  Wolf MJ, Amrein H, Izatt JA, Choma MA, Reedy 
MC,Rockman HA,. Drosophila as a model for the 
identification of genes causing adult human heart 
disease. Proc. Natl. Acad. Sci. U. S. A. 103, 1394-9 (2006).

16.  Rudrapatna VA, Cagan RL,Das TK,. Drosophila 
cancer models. Developmental dynamics : an official 
publication of the American Association of Anatomists 
241, 107-18 (2012).

17.  Warrick, J. M. et al. Expanded polyglutamine protein 
forms nuclear inclusions and causes neural degeneration 
in Drosophila. Cell 93, 939-949 (1998).

18.  Jackson, G. R., Salecker, I., Dong, X., Yao, X., Arnheim, 

N., Faber, P. W., MacDonald, M. E., Zipursky, S. L. 
Polyglutamine-expanded human huntingtin transgenes 
induce degeneration of Drosophila photoreceptor 
neurons. Neuron 21, 633-42 (1998).

19.  Bilen, J. & Bonini, N. M. Drosophila as a model for human 
neurodegenerative disease. Annu. Rev. Genet. 39, 153-171 
(2005).

20.  Sang, Tzu-Kang, Jackson,George R.,. Drosophila models 
of neurodegenerative disease. Neurotherapeutics 
NeuroRX 2, 438-446 (2005).

21.  Swaiman, K. F. Hallervorden-Spatz Syndrome and brain 
iron metabolism. Arch. Neurol. 48, 1285-1293 (1991).

22.  Swaiman KF,. Hallervorden-Spatz syndrome. Pediatr. 
Neurol. 25, 102-8 (2001).

23.  Kurian, M. A., McNeill, A., Lin, J. P. & Maher, E. R. 
Childhood disorders of neurodegeneration with brain 
iron accumulation (NBIA). Developmental Medicine & 
Child Neurology 53, 394-404 (2011).

24.  Zhou, B. et al. A novel pantothenate kinase gene 
(PANK2) is defective in Hallervorden-Spatz syndrome. 
28, 345-349 (2001).

25.  Srinivasan, B. & Sibon, O.C. Coenzyme A, more than ‘just’ 
a metabolic cofactor. Biochemical Society transactions 
42, 1075-1079 (2014).

26.  Rubio, S., Whitehead, L., Larson, T. R., Graham, I. A. & 
Rodriguez, P. L. The coenzyme a biosynthetic enzyme 
phosphopantetheine adenylyltransferase plays a crucial 
role in plant growth, salt/osmotic stress resistance, and 
seed lipid storage. 148, 546-556 (2008).

27.  Leonardi, R., Zhang, Y. M., Rock, C. O. & Jackowski, S. 
Coenzyme A: back in action. Prog. Lipid. Res. 44, 125-153 
(2005).

28.  Strauss, E. 7.11 - Coenzyme A Biosynthesis and 
Enzymology, in Comprehensive Natural Products II. 
(eds. H.-W. Liu & L. Mander) 351-410 (Elsevier, Oxford; 
2010).

29.  Afshar, K., Gonczy, P., DiNardo, S. & Wasserman, S. 
A. fumble encodes a pantothenate kinase homolog 
required for proper mitosis and meiosis in Drosophila 
melanogaster. 157, 1267-1276 (2001).

30.  Siudeja, K. et al. Impaired Coenzyme A metabolism 
affects histone and tubulin acetylation in Drosophila and 
human cell models of pantothenate kinase associated 
neurodegeneration. EMBO molecular medicine 3, 755-
766 (2011).

31.  Bosveld, F. et al. De novo CoA biosynthesis is required 
to maintain DNA integrity during development of the 
Drosophila nervous system. Human molecular genetics 
17, 2058-2069 (2008).

32.  Rana, A. et al. Pantethine rescues a Drosophila model for 
pantothenate kinase-associated neurodegeneration. 
Proceedings of the National Academy of Sciences of the 
United States of America 107, 6988-6993 (2010).

33.  Kaskow, B. J., Michael Proffit, J., Blangero, J., Moses, E. 
K. & Abraham, L. J. Diverse biological activities of the 
vascular non-inflammatory molecules â€“ The Vanin 
pantetheinases. Biochem. Biophys. Res. Commun. 417,  

653-658 (2012).

34.  Wittwer, C. T., Gahl, W. A., Butler, J. D., Zatz, M. & Thoene, 
J. G. Metabolism of pantethine in cystinosis. J. Clin. 
Invest. 76, 1665-1672 (1985).

35.  Brunetti, D. et al. Pantethine treatment is effective 
in recovering the disease phenotype induced by 
ketogenic diet in a pantothenate kinase-associated 
neurodegeneration mouse model. 137, 57-68 (2014).

36.  Hageman, J. et al. A DNAJB chaperone subfamily with 
HDAC-dependent activities suppresses toxic protein 
aggregation. Mol. Cell 37, 355-369 (2010).

37.  Dueñas, A. M., Goold, R. & Giunti, P. Molecular 
pathogenesis of spinocerebellar ataxias. Brain : a journal 
of neurology 129, 1357-1370 (2006).

38.  Bilen, J. & Bonini, N. M. Genome-wide screen for 
modifiers of ataxin-3 neurodegeneration in Drosophila. 
PLoS genetics 3, 1950-1964 (2007).

39.  Duffy, J. B. GAL4 system in Drosophila: a fly geneticist’s 
Swiss army knife. Genesis (New York, N.Y.: 2000) 34, 1-15 
(2002).

41.  Carra, S. et al. Identification of the Drosophila ortholog 
of HSPB8: implication of HSPB8 loss of function in 
protein folding diseases. The Journal of biological 
chemistry 285, 37811-37822 (2010).

42.  Jia D.-D., Zhang L., Chen Z., Wang C.-R., Huang F.-Z., 
Tang B.-S., Jiang H., Duan R.-H.,Xia K.,. Lithium chloride 
alleviates neurodegeneration partly by inhibiting activity 
of GSK3â in a SCA3 drosophila model. Cerebellum 
Cerebellum 12, 892-901 (2013).

43.  Singh, M.D., Raj, K.,Sarkar, S.,. Drosophila Myc, a novel 
modifier suppresses the poly(Q) toxicity by modulating 
the level of CREB binding protein and histone 
acetylation. Neurobiol. Dis. 63, 48-61 (2014).

44.  Leszek, J. et al. Inflammatory Mechanisms and Oxidative 
Stress as Key Factors Responsible for Progression of 
Neurodegeneration: Role of Brain Innate Immune 
System. CNS Neurol. Disord. Drug Targets (2016).

45.  Doherty, G. H. Nitric oxide in neurodegeneration: 
potential benefits of non-steroidal anti-inflammatories. 
Neurosci. Bull. 27, 366-382 (2011).

46.  Gullotta, F., di Masi, A. & Ascenzi, P. Carbon monoxide: an 
unusual drug. IUBMB Life 64, 378-386 (2012).

47.  Paul, B. D. & Snyder, S. H. H
2
S: A Novel Gasotransmitter 

that Signals by Sulfhydration. Trends Biochem. Sci. 40, 
687-700 (2015).

48.  Reiffenstein, R. J., Hulbert, W. C. & Roth, S. H. Toxicology 
of hydrogen sulfide. Annu. Rev. Pharmacol. Toxicol. 32, 
109-134 (1992).

49.  Kimura, H. The Physiological Role of Hydrogen Sulfide 
and Beyond. Nitric oxide : biology and chemistry / 
official journal of the Nitric Oxide Society (2014).

50.  Cirino, C. G. Synthesis and biological effects of hydrogen 
sulfide (H

2
S): development of H

2
S-releasing drugs as 

pharmaceuticals. J Med Chem.2010 53, 6275-86 (2010).

51.  Ishiki, K. A. Hydrogen sulfide as a novel nociceptive 
messenger. Pain 132, 74-81 (2007).

52.  Wang, X. et al. Dysregulation of cystathionine gamma-
lyase (CSE)/hydrogen sulfide pathway contributes to ox-
LDL-induced inflammation in macrophage. Cell. Signal. 
25, 2255-2262 (2013).

53. Paul, B. D. et al. Cystathionine gamma-lyase deficiency 
mediates neurodegeneration in Huntington’s disease. 
Nature (2014).

54.  Kabil, H., Kabil, O., Banerjee, R., Harshman, L. G. & 
Pletcher, S. D. Increased transsulfuration mediates 
longevity and dietary restriction in Drosophila. Proc. 
Natl. Acad. Sci. U. S. A. 108, 16831-16836 (2011).

55.  Tyagi, N. et al. H
2
S protects against methionine-induced 

oxidative stress in brain endothelial cells. Antioxidants & 
redox signaling 11, 25-33 (2009).

56.  Szabó, C. Hydrogen sulphide and its therapeutic 
potential. Nat Rev Drug Discov (2007).

57.  Liu, X., Liu, X., Jiang, P., Huang, H. & Yan, Y. Plasma levels 
of endogenous hydrogen sulfide and homocysteine in 
patients with Alzheimer’s disease and vascular dementia 
and the significance thereof. Chung-Hua I Hsueh Tsa 
Chih 88, 2246-9 (2008).

58.  Gong, Q. et al. A new hope for neurodegeneration: 
possible role of hydrogen sulfide. Journal of Alzheimer’s 
disease : JAD 24, 173-82 (2011).

59.  Araujo, J. et al. FOXO4-dependent upregulation of 
superoxide dismutase-2 in response to oxidative stress 
is impaired in spinocerebellar ataxia type 3. Hum. Mol. 
Genet. 20, 2928-2941 (2011).

60.  Warrick, J. M. et al. Suppression of polyglutamine-
mediated neurodegeneration in Drosophila by the 
molecular chaperone HSP70. Nat. Genet. 23, 425-428 
(1999).

61.  Guerra-Araiza, Christian, Álvarez-Mejía, Ana Laura, 
Sánchez-Torres, Stephanie, Farfan-García, Eunice, 
Mondragón-Lozano, Rodrigo, Pinto-Almazán, 
Rodolfo,Salgado-Ceballos, Hermelinda,. Effect of 
natural exogenous antioxidants on aging and on 
neurodegenerative diseases. GFRR Free Radical 
Research 47, 451-462 (2013).

62.  Xie, L. et al. Therapeutic effect of hydrogen sulfide-
releasing L-Dopa derivative ACS84 on 6-OHDA-induced 
Parkinson’s disease rat model. PloS one 8, e60200 (2013).

63.  Zhang, L., Jiang, C. & Liu, D. Hydrogen sulfide attenuates 
neuronal injury induced by vascular dementia via 
inhibiting apoptosis in rats. Neurochem. Res. 34, 1984-
1992 (2009).

64.  Liu, Y. & Bian, J. Hydrogen sulfide protects amyloid-beta 
induced cell toxicity in microglia. Journal of Alzheimer’s 
disease : JAD 22, 1189-1200 (2010).

65.  Kida, K. et al. Inhaled hydrogen sulfide prevents 
neurodegeneration and movement disorder in a mouse 
model of Parkinson’s disease. Antioxidants & redox 
signaling 15, 343-352 (2011).

66.  Kimura, Y. & Kimura, H. Hydrogen sulfide protects 
neurons from oxidative stress. FASEB journal : official 
publication of the Federation of American Societies for 
Experimental Biology 18, 1165-1167 (2004).

67.  Farese, S. et al. Sodium thiosulfate pharmacokinetics in 
hemodialysis patients and healthy volunteers. Clinical 
journal of the American Society of Nephrology : CJASN 
6, 1447-1455 (2011).

68.  Mishanina, T. V., Libiad, M. & Banerjee, R. Biogenesis of 
reactive sulfur species for signaling by hydrogen sulfide 
oxidation pathways. Nat. Chem. Biol. 11, 457-464 (2015).




