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Abstract 
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Michael Rosenfeld 

Department of Toxicology & Environmental Health Sciences 

Parkinson’s Disease (PD) is one of several prevalent neurodegenerative diseases plaguing 

the aging population. To date, no therapies have been shown to slow, stop, or reverse 

disease progression; the disease is considered irreversible and progressive. Post mortem 

brain from individuals with premotor PD show a deficiency of reduced glutathione, GSH, 

and it has been hypothesized that deficiency of GSH contributes to PD neurodegeneration. 

The role of GSH in the healthy brain is described, and evidence of GSH deficiency in PD 

is reviewed.  The pros and cons of various augmentation strategies are discussed. 

Subsequent chapters demonstrate intranasal GSH, (in)GSH, is safe and tolerable and 

provide evidence that 200 mg (in)GSH is capable of augmenting brain GSH by more than 

200%. In congruence with intravenous GSH studies, (in)GSH intervention groups had a 

mild symptomatic improvement following three months of (in)GSH administration. In a 

cross-sectional analysis of 58 individuals with PD, low blood GSH was associated with 
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greater disease severity. Taken together, this body of research supports the hypothesis 

that GSH depletion contributes to PD and that (in)GSH has therapeutic potential as both a 

symptomatic treatment and a disease modification strategy. The final chapter describes an 

underlying GSH deficiency syndrome, with elderly, sick, and/or malnourished 

individuals at greatest risk. Sufficient data exists to warrant further investigation of GSH 

as a biomarker and (in)GSH as a disease-modifying therapy in PD.  
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Glutathione Deficiency in Parkinson’s Disease 

Laurie K Mischley 

 

1.1 Background & Significance 

1.1.1. Parkinson’s Disease: State of the Science 

Parkinson’s disease (PD) affects up to approximately 1% of individuals over the age of 60 in 

industrialized nations.[1] Already a physically, socially, and financially devastating disease, the 

aging population is likely to further increase the burden. Originally thought to be exclusively a 

motor disorder, PD is now recognized as a syndrome affecting non-motor and cognitive 

facilities, as well. First described almost 200 years ago, the most significant advance in PD 

therapeutics was born from the observation that affected brain regions were deficient in 

dopamine, and that exogenous provision of the dopamine precursor, levodopa (l-dopa), 

provided symptomatic relief.[2] Early fortification efforts used l-dopa extracted from fava beans 

and today pharmaceutical preparations of l-dopa remain the most commonly employed therapy 

for PD symptom management. Other medicines exist to treat PD symptoms, although most of 

them mask symptoms by targeting the dopaminergic system.  

 

It is now known that the dopaminergic system is affected late in the course of the disease. While 

the provision of dopamine is essential for symptomatic relief, upstream prevention and disease-

modification efforts may, or may not, involve dopaminergic pathways. On autopsy, individuals 

with PD have distinct cellular inclusions, called Lewy bodies; an increasing body of literature 

suggests these inclusions first appear in the intestinal tract up to a decade before the disease and 

spread in a prion-like fashion up the vagus nerve, into the midbrain, eventually reaching the 
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substantia nigra (SN), which produces dopamine, essential for movement and pleasure. When 

more than half of the SN has been destroyed, the patient begins to notice symptoms that 

eventually lead to the PD diagnosis.[3-5]  

 

Mitochondrial dysfunction, impaired autophagy, and other hallmarks of PD pathophysiology 

are known to increase the free radical burden of the cell, and thus metabolic waste, which 

cannot be cleared, into a cycle of perpetually increasing oxidative stress and degeneration. 

There is wide agreement in the scientific community that reactive oxygen and nitogen species 

(ROS, RNS) are a hallmark of Parkinson’s disease (PD), and that the redox disequilibrium 

contributes to the cascade of neurodegeneration.[6, 7] What is widely debated, however, is 

whether the radical stress is the cause of PD, or consequent to, the disease and whether it is 

possible to significantly influence oxidative stress using exogenously provided antioxidants. 

 

The distinction between symptomatic therapies and disease-modifying therapies is an important 

one. For instance, a therapy that doesn't improve symptoms, but slows the rate of progression, 

patients and insurance companies may dismiss it because the efficacy cannot be observed in the 

short-term.  Therapies that impact the rate, or slope, of progression are likely to have more value 

to younger patients, who will likely live with the disease longer than their elderly counterparts, 

and thus may be more willing to accept certain risks or side effects.  Conversely, if a therapy 

exclusively conceals symptoms of the disease without altering the rate of progression, there is no 

reason for a patient to remain on the therapy if he/ she does not perceive benefit. These 

distinctions could reduce costs and improve prescribing practices, and thus public health. There 
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are currently dozens of biological therapies approved for the management of PD symptoms, and 

not a single therapy has demonstrated the capacity to affect disease progression.  

 

1.1.2. The nutrient theory of disease 

The concept of vitamins dates back to 1906, in which FG Hopkins stated, “…no animal can live 

upon a mixture of pure protein, fat, and carbohydrate, and even when the necessary inorganic 

material is carefully supplied the animal still cannot flourish. Scurvy and rickets are conditions 

so severe that they force themselves upon our attention; but many other nutritive errors affect the 

health of individuals to a degree most important to themselves.,…”[8, 9] During the early 1900s, 

many vitamins were isolated, described, and synthesized, which led to the development of 

dietary allowances and fortification during the second half of the century. In spite of great 

historical success, the era of nutrient discovery has become relatively dormant in recent decades.  

 

GSH is essential for life [10] individuals with PD, as well as other conditions, appear unable to 

synthesize sufficient quantities to supply demand, GSH should be considered a conditionally 

essential vitamin. As both cause and consequence of the disease, the clinical manifestations of 

GSH have yet to be described, with increasing benefit from augmentation becoming apparent 

over time, with improved redox equilibrium and cellular detoxification processes.  If GSH 

renders cells vulnerable to subsequent insult, diverse and numerous comorbidities would be 

anticipated.  

 

The vast majority of GSH is endogenously synthesized from amino acids in the diet, although 

intact GSH is taken up by sodium dependent transporters in the intestinal epithelium and does 
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contribute to circulating plasma concentration.[11] There was a mean 34.8 mg of GSH consumed 

per day in 69 white participants in 1992, with intake ranging from 13.0 to 109.9 mg.[12] Among 

those deficient, it is unlikely that food alone will be able to adequately supply GSH needs, which 

are in excess of normal physiological demands.  

  

1.1.3. The identification of GSH depletion in Parkinson’s disease 

“Parkinson’s Disease: A disorder due to nigral glutathione deficiency?” was published in 1982, 

citing evidence of a deficiency of reduced glutathione, GSH, in the SN compared to age-

matched controls.[13] The authors noted that, even in controls, the SN had a reduced GSH 

content compared to surrounding brain tissue, which led to the hypothesis that low GSH may 

render the SN especially susceptible to oxidative damage. In a follow-up study in 1996 that 

replicated these findings of GSH depletion in the PD SN, the authors concluded, “The most 

reasonable explanation for the GSH deficiency in the SN in PD is that a compound which can 

be conjugated with GSH by glutathione transferase, and which may be toxic to dopaminergic 

neurons, is accumulating in this brain region.”[14] Subsequent analysis on post mortem SN 

tissue demonstrated a mean weight of 49.4 + 4.6 µg GSH /g fresh weight + S.E.M. in PD 

subjects, compared to 92.8 + 12.6 µg GSH/g in control subjects.[15] As a result of these early 

studies, administration of buthionine sulfoximine (BSO), an inhibitor of GSH synthesis, is 

being currently employed in PD models to mimic the pathophysiology of PD.[16]  

 

It is worth noting that GSH depletion does not, on its own, result in SN cell loss in rodent 

models of GSH depletion.[17] However, under conditions of normal aging or when neurons are 

exposed to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), reductions in 
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GSH exacerbate SN degeneration.[18] This, combined with evidence that reduced GSH is seen 

in numerous other diseases affecting the central nervous system [19, 20] suggests that GSH 

depletion is not likely the inciting incident in PD, but occurs early in the disease process 

secondary to an inciting environmental or metabolic insult.  

 

1.1.4. Early attempts at GSH augmentation in PD 

In spite of a substantial body of literature supporting the notion of GSH depletion in the PD 

brain, GSH repletion efforts have been hindered by a lack of oral bioavailability,[21] inability to 

quantify brain GSH concentrations in vivo, and lack of industry investment in this naturally 

occurring molecule.   

 

The first human clinical trial to administer exogenously supplied GSH to individuals with PD 

took place in Italy in 1996, based on the post-mortem evidence of GSH deficiency described 

above. In this open-label trial of nine individuals with early, untreated PD, 600 mg of 

intravenous GSH, (iv)GSH, was administered twice daily for 30 days. The authors reported “All 

patients improved significantly after GSH therapy, with a 42% decline in disability. Once GSH 

was stopped the therapeutic effect lasted for 2-4 months.”[22] (Figure 1) 
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[22] 

Figure 1:  Intensity of resting tremor in patients with PD at A) baseline, B) after 30 day of IV 
glutathione (600 mg twice daily), C) 60 days after glutathione withdrawal, and D) 30 days after 
Sinemet 25/250 C/L, ½ tablet thrice daily. (Taken from Sechi et al, 1997.)  Vertical calibration is 
200 microvolts, horizontal scale is 1 second.  
 
 

The second clinical trial of exogenously administered glutathione in PD was performed by 

Hauser et al. was published in 2009. This randomized, double-blind, placebo-controlled pilot 

study was performed to evaluate the safety, tolerability, and preliminary efficacy of (iv)GSH in 

21 individuals with PD. After four weeks of 1400 mg three times per week (iv)GSH, the data 

suggested the GSH group had a mild symptomatic effect over placebo.[23]  

 

 

Around this time, a private practice neurologist in Naples, FL, USA, and one of the authors on 

the second (iv)GSH study, posted videos on social media demonstrating almost immediate 

improvement in PD motor symptoms following (iv)GSH,[24] triggering tremendous patient 
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demand for (iv)GSH. The therapy, although biologically plausible, is expensive, invasive, and 

inconvenient. (Figure 2) In an attempt to identify alternative methods of GSH augmentation, I 

became aware of ear, nose, and throat specialists in Seattle, WA, USA that were administering 

intranasal GSH, (in)GSH to individuals with chronic sinusitis and environmental medicine 

practitioners who were using it to treat multiple chemical sensitivity (MCS).[25]  

 

There is an increasing trend in pharmaceutical science to use intranasal delivery to bypass the 

(in)GSH. The  majority  of  survey  respondents  reported  using  (in)GSH  to   treat multiple 

chemical sensitivity (MCS) (n=29) and allergy/ sinusitis (n=25); 7 reported using (in)GSH for 

PD, of which 57% (n=4) reported a positive effect on PD symptoms.[25] 
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Figure 2: Advantages and limitations associated with various methods of GSH administration. 
(Taken from Mischley, 2011)[26] 
 
 

Anecdotal reports of symptomatic improvement following (in)GSH, evidenced by clinical chart 

notes, and reported safety from the survey led to funding of a Phase I Study of (in)GSH in PD, 

sponsored by the National Institutes of Health (NIH). The goal of the study was to formally 

evaluate whether the (in)GSH is safe and tolerable enough to use in an efficacy study. In this 

double-blind, placebo-controlled study, 30 participants with PD were randomized to receive 

placebo, intranasal saline, (in)saline, 100 mg GSH/ 1 ml saline, or 200 mg GSH/ 1 ml saline 

thrice daily for 12 weeks, followed by a four week washout. We concluded (in)GSH was safe 

and tolerable, and in accord with previous trials, these data also demonstrate an improvement in 

clinical symptom scores, as measured by the gold standard Unified Parkinson’s Disease Rating 

Scale (UPDRS).[27] (Figure 3) It should be noted that for all three clinical GSH intervention 

studies, a rebound worsening of symptoms was reported. Such exacerbation of symptoms upon 

withdrawal is further suggestive of a symptomatic effect although none of these trials was 

appropriately powered to determine a clinical improvement over placebo. 

         [27] 

Change in UPDRS: Results of Phase I (in)GSH in PD
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Figure 3: Change in UPDRS score, by cohort, over three months administration of (in)GSH or 
placebo, followed by a 4 week washout.  
 

The existing body of data support the notion that exogenously administered GSH results in 

mild symptomatic improvement in PD. As a non-dopaminergic molecule, GSH may offer new 

therapeutic strategies. Sufficient data exist to warrant a Phase III multi-center clinical 

intervention trial, employing the existing formula, dose and delivery of (in)GSH previously 

described. 

 
1.2 Metabolism of Reduced Glutathione (GSH) 

1.2.1 Endogenous synthesis and distribution in the CNS 

Glutathione (γ-glutamylcysteineylglycine) is a tripeptide consisting of glycine, glutamic acid, 

and cysteine. GSH synthesis occurs in the intracellular space; no evidence exists of glutathione 

transport directly into cells exists. Glutathione is synthesized intracellularly via dependent 

glutamylcysteine ligase (GCL) and glutathione synthase (GS), with both reactions requiring a 

single molecule of ATP.  

 

In the CNS, GSH is concentrated in astrocytes and neuronal axons and terminals, but not 

neuronal cell bodies. In the healthy nervous system, astrocytes serve as the primary 

reservoir of GSH, providing a first line of defense against endogenously produced metabolic 

waste and xenobiotics and supplying surrounding neurons with the amino acid substrate for 

intracellular GSH synthesis, as needed. When the reservoir of glial GSH is depleted, 

detoxification processes are impaired, further depleting GSH, perpetuating a cycle of impaired 
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clearance, redox stress, autophagy, whilst surrounding cells suffer from a paucity of substrate 

no longer being provided by astrocytes (Figure 4). 

	
  

As the primary circulating thiol, oxidized glutathione, GSSG, is rapidly reduced back to GSH 

via glutathione reductase and NADPH+, so that at any given time 95-99%% of intracellular 

glutathione is in the reduced state. There is evidence the ratio of GSSG:GSH increases with 

redox stress in PD.[28, 29] 

 

GSH can undergo transpeptidation to cysteinylglycine and the γ-glutamyl moiety.[30] γ-

glutamyl transpeptidase is essential for GSH recycling of glutathione S-conjugates and other γ-

glutamyl compounds which will allow for the products of cleavage to be reused in GSH 

synthesis. The cellular availability of cysteine has been shown to be, in part, reliant on γ-

glutamyl transpeptidase activity. 

	
  

In the periphery, gamma glutamyltranasferase (GGT) is widely distributed in plasma 

membranes, where the active site is facing the extracellular space, facilitating entry of 

precursors into the intracellular space. The primary role of GGT is to metabolize extracellular 

GSH, recycling the component amino acids. Recently, epidemiologic data have suggested that 
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Figure	
  4:	
  Provision	
  and	
  assembly	
  of	
  GSH	
  in	
  the	
  CNS.	
  GSH:	
  reduced	
  glutathione,	
  GSSG:	
  
oxidized	
  glutathione,	
  GGT:	
  γ-glutamyl transpeptidatse, GCL: glutamylcysteine ligase.	
  

serum GGT levels within the normal range may be a biomarker for early oxidative stress, as 

evidenced by associated increases in C-reactive protein, fibrinogen, and F2-isoprostanes.[31] It 

has yet to be determined whether the GGT-associated with oxidative stress is relevant in CNS 

disease. 

 

1.2.2 Regulation 
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There is evidence that brain concentrations of GSH decline with age in insects, rodents, and 

humans. Using 1H-MRS, depletion of GSH was observed in healthy aging, when elderly (~67 

years old) were compared to young controls (~20 years). Glutathione concentrations were 

0.31+0.05 in healthy young and 0.20+0.08 in elderly (p<0.005).[32] Measurements were 

reported as institutional units, which were intended to approximate the number of micromoles 

per gram. 

 

The age-dependent decrease in GSH is not due to insufficiency of GSH precursors cysteine, 

glycine, or glutamate. Since the concentrations of amino acid constituents do not decrease with 

age, the GSH depletion is thought to be due to insufficient biosynthetic enzyme function or 

diminished coenzyme availability, e.g. magnesium, NADPH, and ATP. Human red blood cells 

(RBC) also demonstrate an age-related decrease in GST and in rodents, with elderly mice 

displaying an approximate 60% reduction in RBC GSH. [33]  

 

1.2.3  Role of GSH in the Circadian Rhythm 

Across	
   a	
   wide	
   range	
   of	
   species,	
   the	
   activity	
   of	
   glutathione	
   peroxidase,	
   glutathione	
   S-­‐

transferase,	
  glutathione	
  reductase,	
  and	
  γ	
  glutamyl	
  cysteine	
  synthetase	
  has	
  been	
  shown	
  to
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fluctuate	
  in	
  a	
  rhythmic	
  fashion,	
  although	
  not	
  always	
  on	
  a	
  24-­‐hour	
  schedule:[34]	
  Increased	
  

exposure	
  to	
  ROS	
  	
  occurs	
  during	
  the	
  day,	
  via	
  ultraviolet	
  light,	
  potential	
  toxicants	
  in	
  food	
  and	
  

air,	
  and	
  increased	
  metabolic	
  activity	
  with	
  physical	
  exertion.	
  Glutathione	
  peaks	
  in	
  the	
  

morning	
  and	
  detoxification	
  activity	
  of	
  glutathione	
  S-­‐transferase	
  (GST)	
  peaks	
  in	
  the	
  late	
  

afternoon.[35]	
  

	
  

Not	
  only	
  do	
  circadian	
  rhythms	
  impact	
  GSH,	
  GSH	
  status	
  may	
  also	
  impact	
  chronobiological	
  

rhymicity.	
  	
  When	
  rodents	
  were	
  chronically	
  fed	
  lipid	
  peroxides,	
  they	
  saw	
  a	
  decrease	
  in	
  

intestinal	
  GSH/GSSG	
  and	
  abrogation	
  of	
  the	
  circadian	
  peak	
  ornithine	
  decarboxylase,	
  which	
  

regulates	
  cell	
  proliferation.[36]	
  	
  	
  	
  

	
  

The	
  role	
  of	
  sleep	
  and	
  the	
  circadian	
  rhythm	
  cannot	
  neglect	
  the	
  role	
  of	
  melatonin,	
  a	
  

neurohormone	
  synthesized	
  by	
  the	
  pineal	
  gland.	
  	
  It	
  is	
  strong	
  antioxidant	
  against	
  a	
  variety	
  of	
  

radicals	
  and	
  	
  stimulates	
  other	
  antioxidants	
  including	
  glutathione	
  peroxidase	
  (GSH-­‐Px)	
  and	
  

glutathione	
  reductase	
  (GSH-­‐Rd).[37,	
  38]	
  Administration	
  of	
  pharmacological	
  doses	
  of	
  

melatonin	
  have	
  been	
  shown	
  to	
  raise	
  GSH-­‐Px	
  in	
  the	
  brain	
  (most	
  significantly),	
  liver,	
  and	
  

kidney	
  of	
  rats,	
  and	
  to	
  ameliorate	
  the	
  depression	
  in	
  GSH-­‐Px	
  seen	
  in	
  response	
  to	
  chronic	
  light	
  

exposure.[39]	
  It	
  is	
  well	
  known	
  that	
  melatonin	
  decreases	
  with	
  age,	
  a	
  finding	
  which	
  has	
  been	
  

proposed	
  to	
  play	
  a	
  role	
  in	
  the	
  age-­‐related	
  loss	
  of	
  glutathione.[40]	
  

	
  

There	
  is	
  increasing	
  evidence	
  that	
  the	
  circadian	
  clock	
  plays	
  a	
  role	
  in	
  the	
  regulation	
  of	
  redox	
  

homeostasis.	
  Clock-­‐controlled	
  output	
  genes,	
  such	
  as	
  per	
  and	
  tim,	
  play	
  a	
  role	
  in	
  the	
  

regulation	
  of	
  energy	
  balance,	
  DNA	
  repair,	
  and	
  detoxification	
  processes.	
  [35]	
  Following	
  the	
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nocturnal	
  rise	
  in	
  melatonin,	
  which	
  peaks	
  between	
  1-­‐3	
  am,	
  there	
  is	
  an	
  increase	
  in	
  GSH	
  

peroxidase	
  (GSH-­‐Px)	
  and	
  GSH	
  reductase	
  (GSH-­‐Rd)	
  activities	
  in	
  the	
  brains	
  of	
  chicks.[41]	
  	
  

Studies	
  in	
  pinealectomized	
  rats	
  demonstrate	
  a	
  suppression	
  of	
  GSH-­‐Px	
  circadian	
  rhythm,	
  

not	
  an	
  amelioration	
  of	
  it,	
  suggesting	
  factors	
  other	
  than	
  melatonin	
  influence	
  the	
  GSH-­‐Px	
  

fluctuations.	
  	
  

	
  

Of	
  note,	
  a	
  major	
  role	
  of	
  GSH	
  is	
  in	
  cellular	
  detoxification,	
  which	
  occurs	
  largely	
  through	
  the	
  

conjugation	
  of	
  xenobiotics	
  and	
  metabolic	
  byproducts	
  with	
  glutathione	
  S-­‐transferases	
  

(GSTs).	
  Previous	
  studies	
  demonstrate	
  susceptibility	
  to	
  pesticide	
  exposure	
  is	
  regulated	
  by	
  

circadian	
  rhythm.[42]	
  Recently,	
  a	
  researchers	
  were	
  able	
  to	
  restore	
  GSH	
  homeostasis	
  in	
  a	
  

study of individuals with muscular dystrophy via administration of oral melatonin. [43] 

 

1.3 GSH Functions in the Central Nervous System 

1.3.1 Cellular Detoxification 

As a mechanism of cellular protection, GSH can directly conjugate with electrophilic  

xenobiotics or may enzymatically catalyze their detoxification via GST, in preparation for 

cellular excretion. [44, 45]In addition to GST, cellular detoxification also occurs via S-

glutathionylation (-SSG), the reduction of protein cysteine residues by the reversible covalent 

addition of GSH. The nucleophilic thiol group of cysteine allows it to interact with a wide 

range of molecules, which affects protein stability and function, signaling pathways, and the 

adaptive cellular response to redox insult.[46] Efforts are underway to understand which 

proteins are most susceptible to oxidative stress by models employing addition of biotinylated 

GSH, which mimics an increase in cellular GSSG, triggering a thiol disulfide exchange.[47] 
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Figure 5:  Cellular and Biochemical Mechanisms of Glutathione in PD 

(Abbreviations: NO: nitric oxide; SOD: superoxide dismutase, H202: hydrogen peroxide; O-: 
superoxide; GST: glutathione S-transferase; GABA:gamma-aminobutyric acid; NMDAR: N- 
methyl-D-aspartate receptor) 
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1.3.2 Redox regulation 

In every cell in the body, homeostastasis between radical exposure, both naturally occurring and 

environmentally induced, and the antioxidant mechanisms of the body are carefully regulated. 

When the capacity to reduce radicals is outweighed by the production of radicals, oxidative 

stress ensues. The high oxygen-dependent metabolic activity naturally makes the brain 

vulnerable to oxidative damage. Given the delicate environment, it is reasonable that a 

generalized state of excessive oxidative or nitrosative stress, the brain will be among the organs 

most severely affected. 

 

The human brain is particularly vulnerable to oxidative stress due to its high metabolic activity. 

While it represents only about two percent of body weight, it is responsible for approximate 

20% of total body metabolic activity. Glucose is the main fuel of the brain, but when glucose is 

low (i.e. fasting, ketogenic diets, exercise), the brain can use lactate during exercise and ketone 

bodies for fuel during glucose depletion. The general reliance on glucose means that, per tissue 

volume, the brain uses disproportionately more oxygen than other tissues. As a course of 

normal metabolic function, oxidative phosphorylation (occurring in the mitochondria) converts 

NADH into ATP, producing superoxide radical and hydrogen peroxide as byproduct. 

 

Dopamine, produced in the SN, is especially prone to oxidation. When dopamine is produced 

(or possibly supplied as l-dopa) in excess of what can be removed from the synaptic clefts by 

the monoamine transporters, the dopamine molecule may autoxidize, it may be oxidized to 

dopamine quinones (which can react with intracellular cysteine to cause cellular toxicity), or it 
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can react with iron, copper, or oxygen resulting in superoxide, or hydrogen peroxide.[48, 49] 

Figure 4 demonstrates how GSH availability can prevent the formation of the neurotoxic 

molecule, aminochome, by increasing production of neuromelanin. 

 

 

 

Figure 6: GSH protects against formation of amiochrome. 

 

SN cells have high levels of iron in the CNS, which is essential for the function of the rate- 

limiting step in dopamine synthesis, tyrosine hydroxylase.[43] Iron is also present as a natural, 

essential mechanism of supplying oxygen to the highly oxygen-dependent brain tissue. 

Normally, the ratio of reduced iron (Fe2+) to oxidized iron (Fe3+) in the SN is approximately 

1:1, although in the PD SN, Fe2+ is elevated up to 3-fold, leading to the Fenton reaction, in 
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which Fe2+ leads to the formation or hydroxyl radicals.[44] Iron chelators, such as green tea, 

have been shown to reduce the incidence of PD and one of the purported mechanisms for the 

benefit may be the reduction of Fe2+.[50] 

 

Neuromelanin is responsible for giving the SN its characteristic dark appearance in the brain. 

The molecule binds easily with iron and other transition metals, as well as lipids, paraquat, etc. 

In the presence of excessive radical burden, neuromelanin can further stimulate the production 

of radicals. The higher ratio of microglia:astrocytes in the SN than surrounding 

brain regions further renders the SN vulnerable to redox stress.[51] Micoglia are highly 

metabolically active and potent immune system activators; their activation by ROS/ RNS 

initiates and perpetuates the inflammatory cascade. 

 

The brain is rich in lipids, which are inherently prone to peroxidation, and thus oxidative 

damage in PD is not specific to dopamine and the SN. The anterior cingulate cortex (ACC) is 

part of the corpus callosum; it is involved in the regulation of autonomic functions (e.g. heart 

rate, blood pressure) and susceptible to the accumulation of alpha-synuclein in PD. Using 

postmortem tissue, the ACC of individuals with PD had a 44% increased susceptibility to lipid 

peroxidation, compared to controls.[46] Once formed, lipid peroxides degenerate to aldehydes, 

such as acrolein, which bind covalently with thiol groups of proteins, leading to protein 

dysfunction and accumulation of DNA adducts.[52]  In vitro, GSH protects against the 

formation of DNA adducts. These studies demonstrate cysteine is less able than GSH to 

protect against formation of DNA adducts, and protection by N-acetyl cysteine (NAC) was not 

detectable. [48] 
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Most free GSH reduces H2O2, which is itself not a free radical; in the presence of glutathione 

H2O2 is reduced to water via glutathione peroxidase, generating GSSG. Among the reactive 

species, H2O2 has a relatively long half-life and can traverse membranes, eventually 

catalyzing the formation of more potent radicals such as hydroxyl radical.[53] 

 

When GSSG concentrations accumulate, glutathione reductase is activated in an effort to 

restore GSH:GSSG ratios. When redox homeostasis cannot be maintained, the high 

concentrations of GSSG can induce formation of glutathione-protein adducts (PS-SG) that 

may alter protein activity.[54] 

 

 

1.3.3 Protein Synthesis 

Physiologic adequacy of GSH is required for protein synthesis. With moderately oxidizing 

conditions, there is an increased demand for protein synthesis, triggering the release of the 

cysteinyl moiety of GSH.[24] While not described in neurons, in liver cells, cysteine release 

catalyzes the formation of cysteine-protein mixed disulfides, which regulates protein 

degradation and synthesis. Elongation factor 2 contains a number of sulfhydryl groups that are 

essential for the translation step of protein synthesis.[55] 

 

1.3.4 Reservoir for constituents 

As a reservoir of cysteine, glycine, and glutamate, GSH functions to supply substrate for 

connective tissue, purine and porphyrin synthesis. The component amino acids themselves 

31



	
  

exhibit neurochemical activity at NMDA, glutamate, and GABA receptors. For instance, the N-

methyl-D-aspartate class of glutamate receptors are highly expressed throughout the basal 

ganglia and the limbic system. NMDR receptor agonsists, such as glycine and serine, have been 

shown to promote dopamine release and synthesis. Like serine, glycine may be able to improve 

negative symptoms of PD via allosteric modulation of NMDA receptors.[56] 

 
1.3.5 Nourishment to nasal mucosa cells	
  
	
  

While not technically part of the CNS, the nasal mucosa, like hepatocytes, provide an essential 

role in protection and nutrient provision for olfactory neurons. Glutathione S-transferase 

concentrations are highest in the nasal epithelium.[57] 

	
  

	
  
	
  

Figure 7. Intranasal GSH may support nasal epithelium GST, olfactory neurons, and may reach 
CNS target tissue via intracellular space, or the rich nasal vasculature and lymphatic system. 
Epithelial cells have one of the highest concentrations of GSH in the body.  
 

1.4. Inborn errors of glutathione metabolism 
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Although rare, hereditary defects have been described in several enzymes in the gamma-

glutamyl cycle. All are inherited in an autosomal recessive manner and range in severity, with 

most patients retaining some enzymatic activity. Because erythrocytes lack gamma-glutamyl 

transpeptidase and 5-oxoprlinase, leukocytes or fibroblasts are required for accurate analysis.[58] 

 
GSH synthetase deficiency be the most frequently recognized genetic defect in GSH metabolism, 

occurring in less than one hundred people worldwide.[58] The second enzyme in the synthesis of 

GSH, it is responsible for adding glycine to gamma-glutamylcysteine. Clinically, GSH 

synthetase deficiency presents with hemolytic anemia, metabolic acidosis, recurrent bacterial 

infections and progressive CNS dysfunction.[59, 60] Individuals with a heterozygous mutation 

have an approximate 45% deficiency in GSH. 5-oxyoproline accumulates due to the GSH 

synthetase deficiency, causing 5-oxoprolineuria in most patients. [61] A study of 28 individuals 

demonstrated that fibroblast GSH synthetase activity was not associated with presence of 

neurological symptoms, which occurred in approximately half of individuals. Supplementation 

with vitamin C and vitamin E beginning in early in life was associated with survival; regardless 

of disease severity, fortification for all patients with GSH synthetase deficiency is recommended 

preventative measures.[60]  

 
 
Gamma-glutamylcysteine synthetase deficiency incapacitates the synthesis of GSH at its rate-

limiting step. Thus far, four different mutations have been identified in the heavy subunit in four 

distinct families, resulting in low levels of GSH, accumulation of 5-oxoproline, and mild 

hemolytic anemia.[58] The disease is characterized by hemolytic anemia, and approximately half 

of those affected have neurological symptoms including learning disability, delayed 

33



	
  

psychomotor development, progressive sensory neuropathy, ataxia, hyperreflexia, dysarthria, and 

spinocerebellar degeneration.[58, 59]  

 
Gamma-glutamyl tranpeptidase deficiency is extremely rare and is associated with increased 

concentration of GSH in blood and urine. Nucleated cells, such as leukocytes or cultured skin 

fibroblasts, express reduced activity of gamma-glutamyl tranpeptidase. While cellular levels of 

GSH are normal, both plasma and urinary GSH are elevated, with urine concentrations up to 10 

times higher than controls.[58] In a knock-out mouse model of gamma-glutamyl transpeptidase 

leads to glutathionionuria, glutathionemia, cataracts, lethargy, growth failure, reduced life span, 

and infertile. In the model, two weeks of NAC administration to the rodents restored fertility.[62]  

 

5-oxoprolinase deficiency is an extremely rare and heterogeneous disease characterized by 5-

oxoprolinuria and low activity of 5-oxoprolinase in nucleated cells. The disease can manifest as 

mental retardation, kidney stone formation, enterocolitis, microcytic anemia, microcephaly, or 

neonatal hypoglycemia.[58]  

 

Conclusions 

The body of research presented here demonstrates blood GSH decreases as disease severity 

increases, that (in)GSH is able to augment CNS GSH concentrations, and that (in)GSH is a safe 

and tolerable therapeutic. Collectively, these data contribute to the hypothesis that GSH 

depletion is involved in PD pathogenesis and make a compelling case for an efficacy trial 

designed to evaluate whether (in)GSH results in long-term symptomatic improvement or disease 

modification in PD. The longest formal exposure to GSH in an intervention trial of patients with 

PD has been three months of (in)GSH.[27] There is an ongoing internet-based ecological study, 
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“Complimentary and Alternative Medicine Care in Parkinson’s Disease” (CAM Care PD), 

tracking PD symptoms in individuals who do, and do not, use oral, IV, and (in)GSH.[38] Long-

term randomized, placebo- controlled intervention studies will need to be conducted to evaluate 

whether exogenously administered GSH can slow PD progression or improve symptoms. Now 

that (in)GSH has been shown to increase CNS concentrations of GSH [63], future efforts in 

pharmaceutical science can work to increase uptake, prolong duration of augmentation, improve 

product stability and delivery.   

 

There is no evidence that GSH is capable of regenerating dopaminergic neurons, although GSH 

has been shown to increase striatal dopamine transport [36] and cysteine has been shown to 

play a role in dopamine receptor to ligand binding and sensitivity to radical stress.[37]  Thus, it 

is possible that GSH indirectly facilitates the function of the existing dopaminergic pool, rather 

than contributing to it. Beyond modulation of dopamine, GSH has the capacity to reduce radical 

stress, facilitate cellular detoxification, regulate protein synthesis, and serve as a reservoir for 

biologically active amino acids. It is yet to be determined how this biological activity translates 

to clinical consequence, although early intervention trials are promising.  

 

Collectively, this dissertation support the hypothesis that GSH deficiency occurs early in the 

course of PD, that cellular GSH depletion exacerbates the degenerative process, and that CNS 

augmentation is safe and feasible. As the consequences of GSH depletion are elucidated, it will 

become easier to identify outcome measures sensitive to GSH depletion and repletion in clinical 

trials. Based on its physiological role, non-motor symptoms and reduced rate of progression 

would be expected to benefit more from GSH augmentation than the motor symptoms which 
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result from dopaminergic cell death, and thus should be considered as primary outcome 

measures in future efficacy trials.  
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Glutathione as a Biomarker in Parkinson’s Disease: Associations with Aging and Disease 

Severity 

Laurie K Mischley, Leanna J Standish, Noel S Weiss, Jeannie M Padowski, Terrance J. 
Kavanagh, Collin C White, Michael E Rosenfeld 

 

Abstract 

 

Objectives: Oxidative stress contributes to Parkinson’s disease (PD) pathophysiology and 

progression. The objective was to describe central and peripheral metabolites of redox 

metabolism and to describe correlations between glutathione status, age, and disease severity.  

Methods: 58 otherwise healthy individuals with PD were examined during a single study 

visit. Descriptive statistics and scatterplots were used to evaluate normality and distribution of 

this cross-sectional sample. Blood tests and magnetic resonance spectroscopy (MRS) were 

used to collect biologic data. Spearman’s rank-order correlation coefficients were used to 

evaluate the strength and direction of the association. The Unified PD Rating Scale (UPDRS) 

and the Patient Reported Outcomes in PD (PRO-PD) were used to rate disease severity using 

regression analysis.  

Results: Blood measures of glutathione decreased with age, although there was no age-related 

decline in MRS glutathione The lower the blood glutathione concentration, the more severe 

the UPDRS (P=0.02, 95% CI: -13.96, -1.14) and the PRO-PD (P=0.01, 95% CI: -0.83, -0.11) 

scores. 

Discussion: These data suggest whole blood glutathione may have utility as a biomarker in 

PD. Future studies should evaluate whether it is a modifiable risk factor for PD progression 

and whether glutathione fortification improves PD outcomes.  

 

Keywords: Parkinson’s disease; parkinsonism; glutathione; deficiency; nutrient; biomarker; 

nutrition  
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Introduction 

It is well established that redox stress contributes to PD pathophysiology and progression.[1, 

2] Comprised of reduced (GSH) and oxidized (GSSG) forms, total glutathione (Glu) is 

essential for maintaining redox homeostasis, clearing metabolic waste, and serving as a 

reservoir for amino acids in the central nervous system (CNS). GSH deficiency was first 

hypothesized to play a causative role in PD in 1982.[3] Post mortem analysis of nigral tissue 

of individuals with PD exhibits deficiency of the antioxidant GSH compared to controls early 

in the course of disease.[4, 5] GSH deficiency is thought to incapacitate the cell’s ability to 

metabolize cellular waste and impair defense against reactive oxygen species (ROS), reactive 

nitrogen species (RNS), and H2O2.  

 

GSH deficiency has long been implicated in PD degeneration,[6, 7] although little is known 

about human GSH or Glu concentrations in living humans with PD. It is not known whether 

peripheral measures of Glu status correlate with CNS Glu status. Recently, magnetic 

resonance spectroscopy (MRS) technology has evolved to permit the non-invasive estimation 

of regional CNS glutathione concentrations[8], although ranges have not been described in a 

PD population.   ‘Antioxidant Status’ blood and urine panels are readily available. The goal of 

this study was to describe central and peripheral measures of Glu status in individuals with PD 

and evaluate whether Glu status was associated with PD severity.  

 

PD research is in desperate need of a biomarker that predicts disease progression and can be 

modified and improved outcomes.[9] Any redox measure suggestive of age-related decline 

and/ or associated with disease severity may have potential to serve an unmet need in PD 

research and practice. 
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Materials and Methods 

This is a combined dataset from two separate studies on topics related to PD and redox status. 

Blood samples for both studies were drawn within a year of one another, were all collected in 

Seattle, WA, by the same study staff. The demographics and referral sources were similar 

between the groups. (Figure 1) 

 

CNS Uptake Study of (in)GSH (n=15)  

This study was approved by the University of Washington (UW) IRB approved and listed on 

ClinicalTrials.gov prior to enrolling study participants.  All participants were over 18 years of 

age, spoke English, had at least three of the required positive criteria for PD from Step 3 of 

the UK Brain Bank Diagnostic Criteria for PD, and had Hoehn and Yahr scores between 2-3. 

Due to the circadian rhythm of Glu, all urine collected were first morning samples, all MRI 

scans were scheduled at 8 am, and all blood collection occurred immediately following the 

scan, at approximately 9:45 am. All subjects were fasting at time of data collection. 

 

Phase IIb Study of (in)GSH (n=45) 

This study was approved by the Bastyr University and UW IRBs and registered on 

Clinicaltrials.gov before the first participant was enrolled. As this was a longitudinal study, 

for this analysis only baseline measures were used. All participants had Hoehn and Yahr 

scores ranging from 1-3 and a diagnosis of PD made by a clinical neurologist in the previous 

10 years.  Due to the circadian rhythm of GSH, all urine samples were first morning. Blood 

draws were performed when the participant was in a non-fasting state. Participants were asked 
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to maintain their regular diet but avoid large meals. There were two participants who enrolled 

in both studies, they were dropped from the second dataset. 

 

For both studies, participants were invited to participate whether or not they were on 

dopaminergic medications. Both studies excluded individuals with a history of epilepsy, 

stroke, brain surgery, or structural brain disease, the presence of other serious illnesses, 

pregnant or at risk of becoming pregnant, a history of sulfur sensitivity, e.g. prior reaction to 

N-acteylcysteine (N-AC), methylsulfonylmethane (MSM), S-adenosyl methionine (SAMe), a 

recent history of asthma, supplementation with any form of glutathione or glutathione 

precursor (i.e. NAC) for six months prior to baseline study visit, current drug or alcohol use or 

dependence, or diagnosis of mental illness.  

 

Laboratory Methodology 

Total whole blood glutathione, enzyme activity of superoxide dismutase, and glutathione 

peroxidase were measured spectrophotometrically from RBC lysate using the Abbott 

Diagnostics Architect System (ADAS). Lipid peroxides were measured in serum and urine 

following hydrolysis and reaction with thiobarbutyric acid. Malondialdehyde was used as the 

standard for the determination of concentrations of lipid peroxidation products, as previously 

described.[10] 

 

Serum cysteine and cystine were measured using an adaption of the Gaitonde procedure[11] 

developed for the detection of amino acids which uses the colorimetric reaction of the amino 

acids with ninhydrin.  Serum sulfate concentrations were determined using a turbidimetric 

assay which utilizes the chemical properties of sulfate ions to cause the formation of 
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precipitate that can be measured by the absorbance of light using the ADAS.  All tests above 

were performed by Genova Diagnostics (CLIA: #34D0655571, Asheville, NC, USA)  

GSH:GSSG ratios were measured at the University of Washington Department of 

Environmental and Occupational Health Sciences using previously described methods.[10]  

 

 

MRS Glutathione  

A 3 Tesla Philips Achieva magnetic resonance imaging (MRI) scanner (Best, The 

Netherlands) was used at the University of Washington Integrated Brain Imaging Center to 

obtain spectra with a 32-channel SENSE phased-array head coil.  A cubic volume of interest 

(VOI), 4 x. 4 x 5 cm, was centered on the left dorsal putamen at the level of the lentiform 

nucleus. This VOI was selected because of its relatively homogenous composition of neurons 

and astrocytes and suitable distance from bone and fluid, which could compromise signal 

quality.  All scans were scheduled for 8 am.   

 

Statistical Analyses 

Scatterplots were evaluated to observe trends and normality of distributions. Spearman 

correlation coefficients and regression analyses were determined using Stata (StataCorp, 

Stata/IC 13.1 for Mac). It is possible that the influence of increasing age on the risk of 

neurodegenerative disease is mediated in part by diminishing levels of GSH with increasing 

ago. Therefore, analyses were performed with and without adjustment for age.   
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Results and Discussion  

Two individuals enrolled in both studies, data obtained on that subject in the second study 

were discarded, reducing the total to N=58.  MRS data was discarded due to participant 

motion in scanner (n=1) or glutathione:creatine concentration in the brain was below the level 

of detection (n=8).  

 

Most participants resided in the Pacific Northwest, although a few traveled 5+ hours to 

participate.  All but one participant identified as Caucasian. Demographics and baseline  

disease severity are presented in Table 1. 

	
  
Figure 1: Enrollment Algorithm describing where participants from both studies were 
recruited and how the databases were merged for this study.  
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To evaluate whether any of the GSH measures may reflect expected age-related physiological 

decline, scatterplots were drawn to evaluate GSH measures in a cross-sectional fashion.  

Whole blood Glu decreased with age (r=-0.2218), although MRS glutathione:creatine and 

percent GSSG did not (r=-0.01 and r=0.1263, respectively). Based on this sample, there is an 

estimated six point decrease in micromol/L total GSH for each year of age (p=0.104, 95% CI: 

-13.34, 1.27). (Figure 2)  

 

Measurements of brain, blood, and urine redox measurements from individuals with PD are 

described. Data on % GSSG from the Phase 2b were discarded due to high variability between 

results run in triplicate. (Table 2) 

 

Table 1: Participant Demographics 

 CNS 

Uptake 

n=15 

Mean (SD) 

Phase 2b 

 

n=43 

Mean (SD) 

Combined 

 

N=58 

Mean (SD) 

Gender    

Male 11 (73%) 22 (51%) 33 (57%) 

Female 4 (27%) 21 (49%) 25 (43%) 

Age, years   Mean, SD 65.5 (11.2) 62.2  (10.8) 62.2 (10.8) 

    

Disease Severity    

Years since PD diagnosis 6.15 (6.24) 3.54 (2.2) 4.26 (3.9) 

Unified PD Rating Scale (UPDRS) 78.9 (15.4) 67.8 (9.5) 70.7 (12.2) 

Patient-Reported Outcomes 869 (334) 804 (422) 821 (399) 

Hoehn & Yahr    

1  9 (20.9%) 9 (15.5%) 

1.5  6 (14.0%) 6 (10.3%) 

2 6 (40%) 17 (39.5%) 23 (39.7%) 

2.5 4 (27%) 7 (16.3%) 11 (19.0%) 

3 5 (33%) 4 (9.3%) 9 (15.5%) 
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The UPDRS and PRO-PD were used to evaluate disease severity. In both scales higher scores 

represent more severe disease on both outcome measures used. There was a statistically 

significant correlation between whole blood total glutathione levels and UPDRS score 

(P=0.022, 95% CI: -13.96, -1.14).  There was a statistically significant association between 

PRO-PD scores and whole blood total glutathione concentrations, with a 100 point increase in 

umol/L glutathione being associated with a 47 point decrease in PRO-PD score (P=0.01, 95% 

CI: -0.826, -0.119). (Figure 3) 

 
Table 2. Measures of brain, blood, and urine redox status in individuals with Parkinson’s 
disease.   

`  CNS Uptake Phase 2b 
Baseline Combined 

  n=15 n=43 N=58 
Brain Glutathione Concentrations       
MRS glutathione:creatine ratio 
(putamen) (n=21) 0.026 (.018)  .030 (.017) .028 (.017)* 

        Whole blood 

Total GSH (micromol/L) (n=55) 1027.64 
(279.15) 

1076.02 
(311.85) 

1063.71 
(302.08) 

RBC %GSSG  
 0.96% -- -- 

Serum    
Sulfate (mg/dL) (n=56) 3.83 (.62) 3.60 (.70) 3.66 (.69) 
Cysteine (mg/dL) (n=56) .69 (.12) .70 (.11) .70 (.11) 
Cystine (mg/dL) (n=56) 2.78 (.34) 2.66 (.43) 2.69 (.41) 
Lipid Peroxides (micromol/ L)     6.95 (2.49)    6.52 (1.87)  6.63 (2.03) 
Total Antioxidant Capacity(mmol/L) 0.78 (0.07) 0.75 (0.084)    0.76 (0.08) 
    
Urine    
Lipid Peroxides (micromol/g cre)  8.43 (1.92)   8.14 (2.34)  8.22 (2.22) 
8-OHdG (microg/g creatinine) (n=55)  9.86 (1.99)  9.92 (9.99)  9.91 (8.60)  
        
Enzyme Activity, Whole blood       
Glutathione Peroxidase (GPX) (U/g Hb)   34.64 (7.94) 31.55 (6.80) 32.34 (7.16) 
Superoxide Dismutase (U/g Hb) 11189 (4463)   14622 (4189)  13748 (4481) 
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The approximate midpoint for blood glutathione was 1000 umol/L; an analysis was performed 

to evaluate whether individuals with glutathione concentrations over 1000 umol/L had better 

PD outcome scores than those with glutathione concentrations < 1000. (Table 3) 

 
 
Table 3: High vs. Low Blood Glutathione Concentrations in PD.  In order to evaluate whether 
blood glutathione may be associated with rate of progression, regression analysis adjusted for 
age and years since PD diagnosis. 

 

 

High vs. Low Blood Glutathione in Parkinson’s Disease Severity 

  
GSH <1000 

umol/L 
n=28 

GSH >1000 
umol/L 
n=31 

P  (95% CI) 

Unified PD Rating Scale 
(UPDRS) 75.82  (12.19)  65.9  (10.33) 0.087 (-11.90, 0.83) 

Patient-Reported Outcomes 
in PD (PRO-PD) 1013.46 (365.37) 675.53 (381.57) 0.012 (-525.28, -67.49) 

	
  

Glutathione Concentrations and Age in Parkinson’s Disease

  

Figure 2: Cross-sectional analysis of whole blood total GSH concentrations 
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Conclusions 

Of the panel of redox measurements evaluated here, whole blood Glu was the most sensitive 

to aging and the only measure that was associated with statistically significant severity of PD, 

as measured by UPDRS and the PRO-PD. The correlation between Glu concentrations and 

PRO-PD was stronger than that with the UPDRS, most likely because PRO-PD is more 

inclusive of non-motor symptoms, does not fluctuate throughout the course of the day, and the 

slider bar design permits greater sensitivity to change.  

 

The absence of well-established reference ranges, modest sample size (n=58), and lack of 

control data are all limitations of this study. The strength of consistency between studies 

bodes well for the reliability of these clinically available biomarkers.  

 

The lack of decline in MRS GSH with age or disease severity may have several explanations. 

First, eight of 30 participants had brain concentrations below the limit of detection of CNS 

GSH and were thus deleted from the dataset, which artificially drove up the mean. This could  

be statistically managed with appropriate a priori hypotheses in future studies (e.g. assign 

mid-point score between zero and lowest detectable). 

 

Although MRS is capable of detecting increases in CNS GSH following (in)GSH 

administration, these data suggest MRS putamen concentrations cannot be extrapolated to 

reflect body status. In support, MRS GSH did not correlate with disease severity by either 

outcome measure; while MRS GSH may be useful for demonstrating target validation for 

augmentation efforts, MRS GSH does not appear to predict clinical status.  
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Figure 3: Scatterplot correlations between clinically available redox measurements and 
Parkinson’s disease severity.  

Do Measures of Redox Status Correlate with Disease Severity? 
UPDRS 

 

     
      Whole Blood Glutathione        GSH peroxidase (U/g Hb)          Total Antioxidant Capacity 

 

     
              Lipid peroxides            Cysteine    Cystine 
 

Patient-Reported Outcomes 
 

      
       Whole Blood Glutathione            GSH peroxidase (U/g Hb)  Total Antioxidant Capacity 
 

     
 Lipid peroxides         Cysteine    Cystine 
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Of the assessments evaluated here, whole blood glutathione was the most sensitive to aging 

and the only measure that was statistically associated with better PD status, as measured by 

UPDRS and the PRO-PD, suggesting it may have utility as biomarker for PD progression. 

Whole blood GSH is relatively stable when appropriately stored; banked samples from prior 

PD studies and ongoing study repositories should consider measuring Glu. The degree to 

which GSH is a modifiable risk factor in PD progression should be evaluated prospectively in 

an appropriately controlled study, giving consideration to dietary glutathione intake.   
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Red Blood Cell Glutathione Following Intranasal Reduced 
Glutathione Administration 
 
Mischley LK, White CC, Rosenfeld M, Szymczak E, Kavanagh T, Standish LJ 

 

Abstract 

Background: Glutathione depletion is associated with Parkinson’s disease (PD) pathophysiology 

and glutathione augmentation has been proposed as therapeutic strategy for over three decades. 

Recently, a Phase I/IIa study of intranasal reduced glutathione, (in)GSH, was shown to be safe 

and tolerable in individuals with PD. A secondary aim the Phase I study was to evaluate whether 

3 months of (in)GSH impacted RBC glutathione concentrations, in order to better understand 

absorption characteristics of (in)GSH. 

Methods: Using stored red blood cell (RBC) from the Phase I study, RBC glutathione 

concentrations were quantified utilizing fluorometry.  The mean total glutathione score and 

standard deviations (SD) were compared across treatment arms. 

Results: The mean baseline concentration of RBC glutathione was 3.76 + 0.72 , 4.48 +1.00, and 

4.06 +1.41 nmol/mg protein in the placebo, 300 mg (in)GSH/ d, and 600 mg (in)GSH/d groups, 

respectively. After three months of thrice daily dosing, the mean RBC glutathione concentrations 

were not different between groups: 3.68 +1.28, 5.00 +2.30, and 3.45 + 0.50 nmol/mg protein in 

the placebo, 300 mg (in)GSH/ d, and 600 mg (in)GSH/d, respectively.  

Discussion: There is no evidence that this dose or form of exogenously administered glutathione 

raises RBC glutathione concentrations. Our results support data suggesting small polar molecules 

do not enter peripheral circulation, as lipophilic molecules have been shown to do. Subsequent 

studies should evaluate whether (in)GSH is capable of reaching the central nervous system at all, 

and if so, by what mechanism. 
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Background 

GSH is a primary antioxidant for the central nervous system (CNS), where it directly detoxifies 

radicals in non-enzymatic reactions and enzymatically as a substrate for various peroxidases. It is 

essential for cellular detoxification, and glutathione depletion has been shown to contribute to 

alpha-synuclein aggregation, mitochondrial insufficiency, dopamine depletion, and cell death.[1] 

The loss of reduced glutathione (GSH) is the most consistently reported alteration in the 

antioxidant defense system in PD.[2-5] 

 

Incidental Lewy body disease (iLBD) is considered a preclinical precursor of PD, in which alpha-

synuclein accumulation and dopamine depletion are identified postmortem.[6] PD and iLBD 

exhibit GSH concentrations that are reduced by approximately 40-50% in the substantia nigra, 

suggesting glutathione loss precedes clinical pathology.  Glutathione levels are similarly altered in 

other neural degenerative disorders, e.g. progressive supranuclear palsy and multiple system 

atrophy.[7] These data have led to the suggestion that GSH augmentation has potential as a 

therapeutic strategy in PD and possibly other neurodegenerative diseases. 

 

In postmortem studies of PD brains versus controls, there is an early depletion of glutathione, as 

well as an increase in lipid peroxidation, as well as protein and DNA oxidation. (The latter is 

thought to be due, in part, to the former.)  Glutathione serves many roles: an antioxidant capable 

of reducing superoxide radicals, hydroxyl radicals, and peroxinitites, as a storage form of cysteine, 

it maintains sulfhydryl proteins in a reduced state, recycles other antioxidants, e.g. vit C, vit E, 

and serves as a substrate for glutathione peroxidases and glutathione S-transferases. 
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There is no blood-brain barrier at the olfactory plate. Intranasal administration of therapeutics 

targeting the CNS are thought to enter CNS via several mechanisms, from direct cellular uptake 

with active and passive transporters, paracellular uptake, via the rich vasculature of the sinuses 

into systemic circulation, and swallowed into the gastrointestinal tract.  Small, polar molecules, 

like glutathione, are thought to bypass peripheral circulation, which rapidly take up lipophilic 

molecules, and enter the CNS directly.[8, 9] Swallowed glutathione is thought to be poorly 

absorbed.[10]  At the time of study initiation, the technology did not exist to non-invasively 

measure brain concentrations of glutathione, the ideal outcome measure. Thus, the total 

concentrations of red blood cell (RBC) glutathione were measured over the course of the study to 

evaluate whether there was a change in RBC glutathione in active arms over placebo, and if so, if 

the change was dose-dependent. The hypothesis was that GSH, a polar molecule, would bypass 

peripheral circulation and not substantially raise RBC concentrations.  

 

Methods 

In 2013, this team completed a phase I study of intranasal reduced glutathione, (in)GSH, or 

placebo in 30 indivduals with PD. The study intervention consisted of a 1 cc syringe pre-loaded 

with study medication compounded fresh monthly by Key Compounding Pharmacy (Federal Way, 

WA, USA) and administered using a Teleflex Mucosal Atomization Device (MAD) tip (Limerick, 

PA).  Study participants were instructed to spray 1 cc of placebo (sterile saline), 100 mg GSH, or 

200 mg GSH intranasally three times daily, for a total daily dose of 300 mg (in)GSH or 600 mg 

(in)GSH in the two active arms of the study. All cohorts administered more than 80% of their 

medication. Due to the small sample size, the decision was made a priori to exclude from the 

analysis anyone who did not complete the study (n=2).  
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The glutathione concentration of red blood cells (RBC) is substantially higher than in serum. 

Immediately following the draw, the red blood cells were separated and the samples were 

preserved according to protocol described for serum by Sakhi et al. (2006) [11] and stored in 

triplicate in 100 mL aliquots at minus 80.  Samples were transported on dry ice to the University 

of Washington Department of Environmental and Occupational Health Sciences for analysis. 

 

Upon thawing, 100 uL 30mM HEPES buffer pH 8 was added 

to each 100 uL aliquot of RBC sample, and triturated to 

increase the buffering capacity of the sample and restore it to 

a liquid form. 400 uL M-per was added to each sample and 

gently shaken for 15 minutes in an oscillating rocker. 

Samples were then refrozen in a ethanol/dry ice bath for two minutes, and rethawed on a rocker 

for 10 minutes. The cells were examined under a microscope and observed to be completely lysed. 

Samples were then acidified by adding a 1:1 ratio 10% sulfosalicyclic acid to Sample and placed 

on ice for 10 minutes to enhance protein precipitation. Following protein precipitation the 

samples were centrifuged at 14000 RPM at 4C for 3 minutes and placed on ice while standards 

were being prepared. 

 

25 µL sample, or standard, was added to a 96 well plate in triplicate. 30 uL 0.2 NEM/ 0.2 KOH 

buffer was added for optimal TCEP reduction, bringing the pH to  ~ 7.5.  To reduce the GSSG to 

GSH, 10 µL 10mM TCEP was added each well and incubated at room temperature for 15 minutes. 

 

100 µL 0.1N NaOH was then added, bringing the pH to 12 for optimization and stabilization of 

the NDA/GSH conjugate. 20 µL deionized water and 10 µL 10 mM naphthalene 

Each well should contain a total 
volume of 195 mL: 
25   μL sample 
    30   μL NEM/ KOH 
    10   μL TCEP 
    100 μL 0.1 NaOH 
    10   μL NDA 
+  20   μL H20 
    195 μL 

Figure 1: Well composition 
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dicarboxyaldehyde were added. The plate was sealed and incubated in the dark at room 

temperature for 30 min.  The samples were then read at 472 nm ex/ 528 nm emission on a 

Molecular Devices SpectraMax Gemini XS fluorescence plate reader. Total GSH concentrations 

in nMoles GSH/mg protein were calculated utilizing SpectraMax and Excel software.  

 

Results 

Two subjects withdrew from the study after beginning therapy and were eliminated from the 

dataset (N=28), one due to a scheduling conflict and one due to an adverse reaction to study 

medication. The characteristics of the participants who initiated and completed the study are 

presented in Table 1.  

 

Table 1: Participant Demographics.  
 

 

 

 

 

 

 

 

 

 

 

 

 Total 
(N=29) 

Group1 
(n=9) 

Group2 
(n=10) 

Group3 
(n=10) 

Gender     
Male 16 (55%) 7 (78%) 5 (50%) 6 (60%) 
Female 13 (45%) 2 (22%) 5 (50%) 4 (40%) 
Age, years  
Median (range) 

 
64.4 (41-

83) 

 
65.6 (58-

73) 

 
63 (41-83) 

 
64.8 (53-80) 

Ethnicity     
Hispanic 2 (7%) 0 2 (20%) 0 
Non-Hispanic 27 (93%) 9 8 (80%) 10 (100%) 
Race     
White 28 (97%) 8 (89%) 10 (100%) 10 (100%) 
Native American 1 (3%) 1 (11%) 0 0 
Hoehn & Yahr 
Stage 
Median (range) 

2.5 (1-3) 2 (1.5-3) 2.5 (1-3) 1.5 (1-3) 

MoCA Score 27.1 (25-
30) 

26.1 (25-
29) 

27.9 (25-
30) 

27.1 (25-29) 
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There was no statistically significant increase in RBC glutathione levels over the course of the 

three study months. There was no dose-response effect, and no trend toward improvement in the 

active arms over the placebo arm. (Figure 2, Table 2) 

 

 

 

 

 

 

 

 

 

 

Table 2: Red blood cell glutathione concentration (nMoles/mg protein) following three months 
(in)GSH or placebo. 
 
 Baseline 1 mo 3 mo P-value (95% CI) 

Placebo  (n=9) 3.76 (0.72) 3.46 (0.76) 3.68 (1.28) P=0.9553  (-1.296, 1.282) 

300 mg/d  (n=8) 4.48 (1.00) 5.04 (1.61) 5.00 (2.30) P=0.4952 (-1.678, 1.969) 

600 mg/d  (n=8) 4.06 (1.41) 3.96 (1.10) 3.45 (0.50) P=0.1041 (-0.6501, 0.2301) 

 

Discussion 

That RBC glutathione concentrations did not increase over the three month study could be 

interpreted several ways.  First, the concentrations of GSH administered were insufficient to raise 

RBC levels. A second possibility is that intranasal glutathione, being hydrophilic, bypasses the 

vasculature and is taken up directly into the CNS. The lack of RBC glutathione augmentation 

 
Figure 2. Change in red blood cell glutathione concentrations following 

administration of (in)GSH for three months in the Phase I Study of (in)GSH. 
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does not negate the value of (in)GSH as a therapeutic, since there is no evidence that RBC 

glutathione is necessary for therapeutic efficacy. 

 

It is possible that the glutathione administered acts locally and is utilized by the nasal epithelium 

or that (in)GSH directly enters the CNS via a route other than circulation. Just as the liver affords 

protection to oral environmental exposures, the nasal mucosa provides a similar phase I and phase 

II detoxification system within the respiratory epithelial cells. It is well-established that the 

detoxification processes of the liver, namely phase II detoxification via glutathione s-transferase 

(GST), are highly dependent on glutathione; the cells of the nasal epithelium actually contain 

more glutathione than hepatocytes.[   ] As oral glutathione supports hepatic detoxification, so 

might intranasal glutathione support local nasal epithelial and olfactory cell detoxification.  

 

The rich vasculature of the nasal mucosa has been tremendously useful in the delivery intranasal 

therapeutics. Lipophilic molecules can easily pass through endothelial cells and into peripheral 

circulation; as a result, lipid moieties are being added to molecules to enhance intranasal uptake. 

Small, polar molecules, like glutathione, are unable to pass through the lipid bilayer and are 

refused entry into the circulatory system. Instead, the fate of hydrophilic molecules less than 1000 

Daltons is to pass through the tight junctions of the paracellular space. The smaller the molecule, 

the more easily this transport mechanism occurs.  That glutathione is a small, polar molecule of 

307 Da suggests it is likely to easily pass thought the tight junctions. 

 

While biomarkers of glutathione status have the potential improve clinical research, the most 

important consideration is whether exogenous administration improves clinical outcomes.  Future 

studies should aim to evaluate the ability of (in)GSH, intravenous GSH, and oral glutathione and 
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N-acetyl cysteine for their ability to reach CNS target tissue and affect clinically meaningful 

change.  
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Glutathione Deficiency in Parkinson’s Disease: Future Research 

Laurie K Mischley 

 

(in)GSH as a Therapeutic in PD 

The FDA has two indications for which they approve PD therapeutics, “Symptomatic” or 

“Disease-Modifying.” There are currently no FDA approved disease-modifying therapies in 

PD. In the almost 200 years since the disease was first described, we have not identified a 

single intervention capable of slowing disease progression. There are many FDA-approved 

interventions that conceal some of the symptoms of PD, but the disease continues to 

progress as the need for dopamine fortification increases.  

 

The study design of therapies with both symptomatic and disease-modifying potential 

requires special attention. Study designs such as delayed-start or wash-out have been 

employed as a way of teasing out symptomatic vs. disease-modifying effects. These studies 

are more expensive and statistically challenging, and require a substantial amount of effort 

in the early stages. There have now been four intervention studies of exogenous GSH, all of 

which have demonstrated a symptomatic improvement.[1-4] Thus, future (in)GSH 

intervention trials should focus on whether the improvements seen are sustained more than 

three months and are superior to placebo, a description of the symptoms most improved, and 

whether the use of (in)GSH is disease modifying. 
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Figure 1: Anticipated response curve of PD therapeutics with disease-modifying and/ or 
symptomatic effects for any clinical outcome measure.   
 

The novelty of the intervention alone may increase dopamine synthesis and it is notable that 

our placebo group had a robust response. Dopamine is a key neurotransmitter involved in 

emotions of ‘hope’ and ‘enthusiasm’ and the symptomatic effects of placebo response in PD 

have been described.[5] Future studies should take into consideration the potential 

therapeutic effect of (in)saline or some other aspect of study participation.  It has been 

previously described that the more intensive the intervention, the stronger the placebo 

response.[6] It can be anticipated that the act of administering (in)GSH would elicit a more 

substantial result than taking an oral medication. Non-pharmacological interventions, such 
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as yoga, have been shown to improve GSH status. Future studies using MRS as an outcome 

measure should include a placebo arm to evaluate whether (in)saline boosts MRS 

glutathione.  

 

In the recent Phase 2b, the highest dose cohort of (in)GSH met a priori statistical endpoints 

for improvements in UPDRS Total and Motor subscore (unpublished data). Future research 

should evaluate whether more frequent dosing improves outcomes further. Consideration 

should be given to the MRS glutathione peak following (in)GSH administration. We have 

demonstrated 200 mg/ ml (in)GSH, administered supine with a Mucosal Atomization 

Device (MAD) tip, boosted brain GSH by > 200% for up to an hour. The next step will be to 

describe how long the augmentation persists and what happens with repeated exposures. 

These data will be used to inform the dosing schedule for the Phase III clinical trial.  

 

 

Figure 2: Normalized change in the Unified PD Rating Scale (UPDRS) in response to 3 
months of (in)GSH or placebo. 
 
The current formula being used in the ongoing trials has numerous limitations. GSH 

oxidizes quickly in response to heat, light, and air, in life, patients are unable travel with an 

item that must be refrigerated. Strategies for improving product stability are important. The 

Change in UPDRS: Results of Phase I (in)GSH in PD

4 8 12 16

-6

-4

-2

0

2

4

WeeksU
P

D
R

S

Placebo
100 mg/ml
200 mg/ml

84



	
  

current product does not have a patent; in the public domain there is little incentive to invest 

in the current formula. The current formula is being produced by a compounding pharmacy, 

it is unclear whether all compounding pharmacies are capable of generating a comparable 

product, the impact of GSH supplier, and many other questions will need to be answered in 

the process of making this therapy available to individuals with PD.  

 

Blood and MRS Glutathione as a Biomarker of PD 

Biological assessments are not employed in the routine care of individuals with PD, in the 

current medical model. Data presented here suggest whole blood total glutathione (Glu) is 

associated with PD severity. The higher the blood Glu, the lower the Unified PD Rating 

Scale (UPDRS) and Patient Reported Outcomes (PRO-PD) scores. The next step will be to 

repeat this analysis in a larger sample of individuals with PD; controls should be included to 

obtain age-matched reference ranges. Should these data be reproducible, there are 

implications for the interpretation of future clinical trials, e.g. adjustments for blood GSH, 

as well as implications for clinical practice. Whole blood Glu is a clinically available 

measure through specialty laboratories. Future efforts should evaluate the clinical utility of 

periodic measurements of Glu in patients with PD.  

 

Magnetic resonance spectroscopy (MRS) was able to detect short-term increase in brain Glu 

following (in)GSH administration. Future studies are in development using MRS to describe 

the pharmacokinetics of CNS Glu over the course of 6 + hours.  Whether the FDA will 

accept MRS as a measure of equivalence as new versions of GSH augmentation become 

available is yet to be determined.  For instance, if a new product is able to show a similar 
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MRS spike following administration, can they skip early clinical trials?  Because MRS Glu 

did not decrease with age or disease severity in a cross-sectional analysis of 30 individuals 

with PD, it is not anticipated that MRS Glu will be an effective screening tool or biomarker 

for progression.  

 

GSH Content of Food 

It has been 25 years since the GSH content of food was comprehensively analyzed.[7] 

During these past few decades, there has been a substantial shift in farming practices and 

dietary patterns in the US. Analysis of GSH content of common foods should be repeated 

and efforts should be make to evaluate the degree to which dietary GSH impacts total blood 

Glu. A large cross-sectional study is a convenient place to begin, although the question more 

pertinent to public health is whether increased consumption of GSH-containing foods 

increases blood Glu content, and thus public health. If dietary GSH and blood GSH are 

correlated, intervention studies prescribing a ‘high-GSH diet’ are indicated. Anticipated 

responses in whole blood Glu or clinical outcomes have yet to be determined. 

 

Defining a Glutathione Deficiency Syndrome (GDS) 

Glutathione (GSH) is essential for human health and function, and complete absence is 

incompatible with life. GSH can be endogenously synthesized and is fortified by diet. Little 

is known about the GSH content of the modern diet, or whether the GSH content of the diet 

influences risk of disease. GSH Deficiency Syndrome (GDS) is a metabolic state defined by 

either a shift in GSH:GSSG or an absolute reduction in tissue or circulating GSH.  Clinical 

signs and symptoms of GDS have yet to be fully described; the tremendous diversity of 
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roles and requirements for GSH, and variously-functioning compensatory systems, will 

influence which systems or physical regions are most susceptible to GDS. The risk of GDS 

increases with age, as endogenous production declines. Certain disease states, e.g. 

Parkinson’s disease, schizophrenia[8], HIV[9], may confer unique demands for exogenous 

supply. Whole blood and MRS GSH both have potential as a GSH biomarker, although 

reference ranges have yet to be described. Whether GDS contributes to the cause of PD, or 

is the results of having PD, is not relevant to the patient-centered question, “Can GSH 

fortification improve outcomes?”  

 

Figure 3: Journal entry reporting improved handwriting from a participant assigned 300 mg/ 
d (in)GSH in the Phase I/IIa study. 
 

During a Stage I nutritional deficiency, physiologic function continues normally while body 

stores are depleted. In the brain, it is anticipated the astrocytes, the reservoir for Glu, would 

be among the earliest cells to be depleted. Peripherally circulating GSH may also serve as a 

reservoir for GSH status, identifying those with inadequate GSH status. During Stage 2 

deficiency, the depletion of body stores results in biochemical perturbations. There is ample 

evidence in PD models that GSH depletion is associated with increased mitochondrial 

dysfunction, inflammation, ROS/ RNS stress, and cell death, although no biochemical 

perturbations associated with GDS have been described in individuals with PD. Future trials 

87



	
  

should evaluate whether clinically available measures of inflammation or redox status are 

associated with reductions in GSH.  During State 3 deficiency, clinical symptoms become 

apparent. If some of the damage due to GSH deficiency in irreversible, it might be 

anticipated that GSH supplementation will not reverse symptoms entirely. Those symptoms 

that do improve in response to GSH should be considered symptoms of GSH deficiency, 

and identifying those particular symptoms should be the focus of subsequent intervention 

trials.   

 

The United States Department of Agriculture does not consider GSH an essential nutrient. 

Here, sufficient data are presented to support the hypothesis that individuals with PD are 

unable to endogenously synthesize GSH in sufficient amounts. The depletion of whole 

blood GSH is associated with PD severity, and all four studies of exogenously administered 

GSH in PD have demonstrated symptomatic improvement. Immediate goals include 

identification of community-based reference ranges for whole blood glutathione, prevalence 

of deficiency across populations (e.g. elderly, cancer, mentally ill), and whether 

augmentation improves outcomes in diseases other than PD. Subsequent (in)GSH trials in 

PD will explore alternative formulas, and focus on distinguishing symptomatic from 

disease-modifying effects of (in)GSH in a larger, multi-center trial employing motor and 

non-motor outcome measures. Three decades since GSH deficiency was first hypothesized 

to contribute to PD progression, there are sufficient data to conclude GSH depletion does 

play a role in PD pathophysiology. It has yet to be determined whether (in)GSH fortification 

strategies are able to result in sustainable symptomatic relief and/ or disease modification 

over time.  
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