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LETTER

Glutathione oxidation in cerebrospinal 
fluid as a biomarker of oxidative stress 
in amyotrophic lateral sclerosis
Trong Khoa Pham1,2,3, Nick Verber1, Martin R. Turner6, Andrea Malaspina7, Mark Oliver Collins2,3,4*†  , 

Richard J. Mead1,4† and Pamela J. Shaw1,4,5† 

Neurodegenerative diseases, such as amyotrophic lateral 

sclerosis (ALS), are devastating conditions, and existing 

approaches have made few inroads towards the goal of 

slowing the progression of this disease. Oxidative stress is 

considered a crucial factor directly or indirectly involved 

in several neurodegenerative diseases [1, 2]. We set out to 

develop biochemical biomarkers of target engagement (a 

direct measure of drug action) to measure the effects of 

therapies targeting oxidative stress, including edaravone 

and nuclear factor erythroid 2-related factor 2 (NRF2) 

activators [3], which show promise as disease-modify-

ing agents for neurodegenerative diseases. Such ‘trans-

lational biomarkers’ provide a link between preclinical 

models and human clinical trials, facilitate dose selec-

tion, speed up clinical therapeutic development, pro-

vide early clinical proof-of-concept and are now seen as 

critical parameters for successful drug development [4]. 

In addition, molecular biomarkers of disease progression 

are needed to assess the efficacy of new treatments for 

ALS. Since the brain is a difficult organ to access, changes 

in the abundance or oxidation state of molecules can be 

measured in biofluids such as cerebrospinal fluid (CSF).

To maximise the use of valuable CSF samples, we 

developed a mass spectrometry (MS)-based workflow 

for measuring protein abundance, protein oxidation, 

and glutathione oxidation in the same sample. In a typi-

cal proteomic analysis of CSF, immunodepletion is per-

formed to remove abundant proteins and reduce the high 

dynamic range of this biofluid. A concentration step is 

often included before immunodepletion, generating two 

fractions: a concentrated protein fraction for immuno-

depletion and a low-molecular-weight fraction typically 

discarded (Fig.  1a). We have developed a targeted MS 

method with the required sensitivity to measure glu-

tathione in this lower-molecular-weight fraction, allow-

ing measurement of protein abundance and oxidation as 

well as the redox state of glutathione, all from the same 

aliquot of CSF.

We employed a redox proteomics method (Fig.  1a) 

to measure different types of cysteine oxidation in 

CSF samples from ALS patients at two time points 4 

months apart (visit 1, n = 24 and visit 2, n = 15) com-

pared to healthy controls (HCs) (visit 1, n = 20 and visit 

2, n = 11) (Table  S1). This approach involves additional 

sample preparation steps and data analysis compared to 

a standard analysis for measuring protein abundance. In 

this way, protein oxidation and protein abundance are 

Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Translational

Neurodegeneration

†Richard J. Mead, Mark Oliver Collins, and Pamela J. Shaw have contributed 

equally to this work and share senior authorship.

*Correspondence:

Mark Oliver Collins

mark.collins@sheffield.ac.uk
1 Sheffield Institute for Translational Neuroscience (SITraN), University 

of Sheffield, 385 Glossop Road, Sheffield S10 2HQ, UK
2 School of Biosciences, University of Sheffield, Sheffield S10 2TN, UK
3 biOMICS Facility, Faculty of Science Mass Spectrometry Centre, 

University of Sheffield, Sheffield S10 2TN, UK
4 Neuroscience Institute, University of Sheffield, Sheffield, UK
5 NIHR Sheffield Biomedical Research Centre, Sheffield, UK
6 Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, 

Level 6 West Wing, Oxford OX3 9DU, UK
7 Neuromuscular Department, Motor Neuron Disease Centre, Queen 

Square Institute of Neurology, University College London, London, UK

http://orcid.org/0000-0002-7656-4975
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40035-025-00496-3&domain=pdf


Page 2 of 5Pham et al. Translational Neurodegeneration           (2025) 14:36 

measured simultaneously, allowing the normalisation 

of oxidation levels to protein levels. To maximise cover-

age of the CSF proteome, we performed immunodeple-

tion of abundant proteins and collected the flow-through 

for glutathione analysis. Proteins were then enzymati-

cally digested, and the generated peptides were analysed 

by LC–MS/MS analysis. 1561 proteins (ALS and HC 

groups) were identified at a 1% false discovery rate, and 

699 proteins were quantified in 70% of samples (Addi-

tional file  1:  Table  S2, Additional file  2: Table  S3). Mul-

tiple ANOVA testing revealed five proteins significantly 

increased in abundance in ALS compared to HCs in both 

visits, including chitotriosidase-1 (CHIT1), CHI3L1 (chi-

tinase-3-like protein 1), CHI3L2 (chitinase-3-like pro-

tein 2), COL18A1 (collagen alpha-1(XVIII) chain) and 

FCGR3A (low affinity immunoglobulin gamma Fc region 

receptor III-A). No significant changes were observed in 

the abundance of these proteins in ALS CSF between the 

two consecutive visits. Furthermore, 9 and 14 proteins 

were significantly more abundant in ALS at the first and 

the second visits, respectively (Table S2).

The abundance of reduced, reversibly and irreversiblely 

oxidised cysteine-containing peptides from ALS vs HC 

groups was compared to estimate the ratio of cysteine 

oxidation. There were 47, 505, 531 and 63 cysteine sites 

detected as reduced only, redox (reduced and oxidised 

forms), reversible (oxidised only) and irreversible, respec-

tively. DPP7 (dipeptidyl peptidase 2), CFB (C3/C5 con-

vertase) and BCAN (brevican core protein) exhibited 

increased oxidation in ALS compared to HCs at both 

visits (Additional file 3: Table S4). In the ALS group, the 

oxidation of some proteins was increased between visits 

but was not significant compared to the HC groups (at 

either visit). However, there was a significant increase 

in the total intensity of reversibly oxidised Cys (the sum 

of all oxidised peptide intensities) between the ALS and 

HC groups at the first visit (1.23 fold, P = 0.0405), but this 

increase was not statistically significant at the second 

visit (1.19 fold, P = 0.3039) (Fig. 1f ).

Several MS methods have been developed to measure 

glutathione levels in blood and other biological samples 

(Additional file  4:  Table  S6). However, to our knowl-

edge, there are no previous reports using this approach 

to measure glutathione in CSF. The level of glutathione 

in CSF is significantly lower than in other biofluids and, 

therefore, its detection requires the higher sensitivity 

afforded by nano-flow chromatography. We developed a 

highly sensitive, targeted nano-flow LC–MS/MS-based 

multiple reaction monitoring (MRM) method to meas-

ure glutathione levels and the redox state. This involves 

measuring reduced glutathione (GSH) and total glu-

tathione (tGSH, comprising both free reduced GSH and 

newly formed reduced GSH generated from oxidised 

glutathione (GSSG) through reduction with tris(2-car-

boxyethyl)phosphine [TCEP]) in human CSF (Fig.  1b-e, 

Table  S6). The concentration of GSSG was determined 

by subtracting GSH from tGSH. The method employs an 

alkylation step using N-ethylmaleimide (NEM) to deriva-

tise GSH into GS-NEM, which is more stable for storage 

and enhances the sensitivity of detection of this deriva-

tised compound by MS. A heavy stable isotope-labelled 

GS*-NEM was used as an internal standard in the pro-

cessed samples to achieve accurate quantitation and data 

normalisation (Figs. S1 and S2).

Concentrations of GSH, tGSH and GSSG in CSF were 

determined by GS-NEM and tGS-NEM measurements, 

and the detailed results are shown in Fig. 1g, h and Tables 

S5 and S6. There were no significant differences in GSH 

between the ALS and HC groups at either the first or the 

second visit, or between visits. However, tGSH in the 

ALS group was significantly higher than that of the HC 

group for the first (1.33-fold, P = 0.0215) and the second 

(1.50-fold, P = 0.0143) visits. Similarly, GSSG was sig-

nificantly increased in ALS compared to HC groups for 

Fig. 1 a Oxidation types measured using our workflow. Reduced glutathione (GSH) and total reduced glutathione (tGSH) are measured using 

a targeted MS assay in a lower molecular fraction obtained from a protein concentration step. Oxidised glutathione (GSSG) levels are inferred 

from GSH and tGSH levels. Protein abundance and different types of protein oxidation on cysteine residues are measured by LC–MS/MS analysis. 

Reduced Cys: Cys residues identified in reduced form only. Redox Cys: Cys residues in both reduced and reversibly oxidised forms; the ratio 

of oxidised to reduced forms were used for comparisons between ALS patients and healthy controls. Reversible Cys: Cys residues identified 

in reversibly oxidised form only. Irreversible Cys: Cys residues identified in the irreversibly oxidised form only. b A workflow used to analyse 

glutathione oxidation in CSF samples. While GSH was directly alkylated with NEM, GSSG was first reduced using TCEP before being alkylated 

with NEM. A stable isotope-labelled internal standard GS*-NEM was added to each sample before MS analysis. GSH and total GSH are measured 

in separate LC-MRM assays, and levels of oxidised glutathione (GSSG) are inferred from the difference between GSH and total GSH levels. c 

Performance of a targeted MS assay for glutathione oxidation. The standard curve was used to determine concentrations of GS-NEM and tGS-NEM 

in CSF. d, e Intensity of heavy isotope-labelled standard (IS) alone (d) and in CSF samples (e). IS was used for quality control of measurements 

and normalisation of data. f Total intensity of reversibly oxidised Cys (proteins) in HC and ALS groups at first and second visits. The total intensity 

is the sum of all peptide intensities bearing reversibly oxidised Cys per sample. g–i Concentrations of GSH, tGSH and GSSG as well as GSSG/GSH 

ratios in ALS and HC CSF at the first and second visits. ns: not significant, *P < 0.05, **P < 0.01, Welch’s t-test

(See figure on next page.)
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the first (1.54-fold, P = 0.0041) and the second (2.0-fold, 

P = 0.0018) visits. The GSSG/GSH ratio in the ALS group 

was also significantly higher than that in the HC group at 

the second visit (2.84 vs 1.33, P = 0.0120). The mean con-

centrations of both tGSH and GSSG in the CSF of ALS 

patients were almost unchanged between the first and 

the second visits (0.44 ± 0.2 μmol/L vs 0.43 ± 0.16 μmol/L 

for tGSH, and 0.18 ± 0.1 μmol/L vs 0.18 ± 0.08 μmol/L for 

GSSG).

We employed Pearson correlation and simple linear 

regression models to investigate the correlations between 

potential biomarkers and clinical parameters of ALS 

patients (Additional file 5: Table S7). Four proteins at the 

first visit (CFD [complement factor D], P = 0.0436; CFH 

[complement factor H], P = 0.0330; FCGR3A, P = 0.0021; 

SERPINA3 [alpha-1-antichymotrypsin], P = 0.0051) and 

two proteins at the second visit (PKM, P = 0.0344; CHIT1, 

P = 0.0134) were positively correlated with the disease 

progression rate of ALS patients. Among these proteins, 

SERPINA3 also negatively correlated with the ALSFRS-

R score (P = 0.0444) at the first visit. Finally, VGF posi-

tively correlated with symptom onset (P = 0.0284). There 

was also a positive correlation between the abundance 

of CA11 and the progression rate in ALS patients (n = 7) 

between two visits (P = 0.0069). Both tGSH (P = 0.0055) 

and GSSG (P = 0.0071) concentrations and the GSSG/

GSH ratio (P = 0.0227) correlated positively with disease 

duration until the first visit. There were also positive cor-

relations between the total intensity of reversibly oxidised 

Cys and the ratio of GSSG/GSH in ALS patients for both 

visits (P = 0.0193 and 0.0367, respectively). Furthermore, 

this correlation was significantly increased between the 

two visits since a positive correlation was found between 

these time points (P = 0.0405) (Table S7).

In conclusion, we propose that the levels of glutathione 

oxidation in CSF could serve as a stratification biomarker 

to select ALS patients for antioxidant therapy and an 

approach to monitoring treatment responses to thera-

peutic agents targeting oxidative stress. Future studies 

with larger, independent cohorts of patients are needed 

to replicate these findings. However, our results support 

further evaluation of tGSH and GSSG in the setting of 

therapeutic intervention in clinical trials of therapies tar-

geting oxidative stress.
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