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Abstract

Background Major depressive disorder (MDD) is a common and serious psychiatric disorder associated with significant
morbidity. There is mounting evidence for the role of oxidative stress in the pathophysiology of depression.

Objective To investigate alterations in the brain antioxidant glutathione in depression by undertaking a meta-analysis of
proton magnetic resonance spectroscopy (1H-MRS).

Methods MEDLINE, EMBASE and Psych Info databases were searched for case—control studies that reported brain glu-
tathione levels in patients with depression and healthy controls. Means and variances (SDS) were extracted for each measure
to calculate effect sizes. Hedges g was used to quantify mean differences. The Meta-analysis of Observational Studies in
Epidemiology (MOOSE) and Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines
were followed.

Results 8 studies that reported measurements for 230 patients with depression and 216 controls were included. Three studies
included data for the occipital cortex and five studies for the medial frontal cortex. In the occipital cortex, GSH was lower
in the patient group as compared to controls (g=-0.98, 95% [CI, -1.45—-0.50], P= <0.001). In both the medial frontal
cortex and in the combined all areas analysis there was no significant difference in GSH levels between cases and controls.
Conclusions This study found reduced levels of GSH specifically in the occipital region of patients with MDD. This provides
some support for the role of oxidative stress in depression and suggests that targeting this system may provide future thera-
peutic opportunities. However, the meta-analysis was limited by the small number and quality of the included studies. More
studies using high quality MRS methods in a variety of brain regions are needed in the future to test this putative hypothesis.
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glutamate abnormalities as well as increased levels of
neuroinflammation in some patients (Filatova et al. 2021).

Effective and healthy functioning of brain tissue
requires a balance between reactive oxygen species and
antioxidants (Poljsak et al. 2013). Reactive oxygen spe-
cies result in the formation of free radicals, highly reac-
tive molecules which cause cellular and tissue damage in
the form of oxidative stress. Antioxidants act by prevent-
ing this harmful effect, which may help to reduce neu-
roinflammation. Neuronal high oxygen use results in the
brain being at increased risk from an imbalance in this
system (Murray et al. 2024). In a number of studies of
patients with MDD, evidence has been found of increased
neuroinflammatory markers associated with lower levels
of antioxidants (Morris et al. 2014; Osimo et al. 2020).
Both reactive oxygen species and antioxidants are required
for a healthy functioning system, and a tip in the balance
towards increased oxidative stress has thus been linked to
the development of depression (Correia et al. 2023; Bhatt
et al. 2020).

Glutathione (GSH) is an important antioxidant found
across species, including humans, and is the principal
antioxidant in brain tissue (Dwivedi et al. 2020; Dringen
2000). GSH depletion has been associated with anxiety
and stress-related pathologies (Zalachoras et al. 2020), and
levels of GSH and associated enzymes are lower in the
blood of patients with MDD (Maes et al. 2011; Stefanescu
and Ciobica 2012; Kodydkov4 et al. 2009; Rybka et al.
2013). A post-mortem study found lower levels of GSH
in patients with MDD specifically in the prefrontal cortex
(PFC) (Gawryluk et al. 2011), and furthermore anhedonia
is negatively correlated with GSH levels in the occipital
cortex in patients with MDD (Lapidus et al. 2014). These
findings suggest that reduced levels of this antioxidant may
be involved in the pathophysiology of major depressive
disorder, and may prove a promising drug target (Maes
etal. 2012).

Proton magnetic resonance spectroscopy (‘H-MRS) has
been used to determine the in vivo levels of GSH in differ-
ent brain regions in patients with depression and controls.
Given the ongoing interest in antioxidants and glutathione
in particular as potential therapeutic targets in depression,
we have undertaken a meta-analysis to summarise current
work in this field and to highlight the contribution of glu-
tathione to the antioxidant theory of depression.

Existing 'H-MRS studies are small and show some con-
flicting results, with different studies focusing on different
regions of the brain. Given the prior evidence for lower
GSH levels in patients with MDD, our hypothesis is that
glutathione levels may be lower in patients compared to
healthy controls and that these differences may be brain-
region specific.
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Methods
Selection procedures

A meta-analysis (PROSPERO ID: CRD42023376612) was
performed according to the Meta-analysis of Observational
Studies in Epidemiology (MOOSE) (Stroup et al. 2000) and
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) (Liberati et al. 2009) frameworks. Three
authors (K.B., C.B., and L.M.) independently searched
MEDLINE, Embase, and PsychINFO from 1960 (or 1974
in the case of EMBASE) to March 30th 2023, identifying
159 papers in total (111 with duplicates removed). A fur-
ther search was undertaken on 6th December 2023, which
identified an additional 19 papers. The following keywords
were used: ((MRS) or (magnetic resonance spectroscopy))
and ((depression) or (BPAD) or (bipolar affective disorder))
and ((GSH) or (glutathione)). Meta-analyses and systematic
and narrative review articles were hand-searched for addi-
tional reports. Abstracts were screened, and the full texts of
suitable studies were obtained. If full texts were not avail-
able, authors were contacted and full content was requested.
Authors were also contacted when data was missing from
the studies including GSH mean levels and standard devia-
tion. Three authors (K.B., C.B., L.M.) selected the final
studies included in the meta-analysis based on the follow-
ing criteria. Data extraction was undertaken independently
by two authors (C.B., L.M.).

Selection criteria for the eta-analysis

Inclusion criteria were studies (1) including healthy partici-
pants, (2) utilising "H-MRS to measure GSH levels in speci-
fied brain regions, (3) giving mean and SD for each group,
(4) patients with depression only and not bipolar affective
disorder in accordance with criteria specified in the Diag-
nostic and Statistical Manual for Mental Disorders (DSM)
or the International Classification of Diseases (ICD-11), (5)
information provided on sex of patients.

Statistical analysis

All statistical analyses were carried out using the ‘metafor’
package (version 1.9-9) in the statistical programming lan-
guage R (version 3.3.1). Mean and standard deviation values
were extracted. A minimum of three studies was required
for meta-analysis — the two brain regions identified with
sufficient studies were the occipital cortex and the medial
frontal cortex. This latter region included both the anterior
cingulate cortex and the ventromedial prefrontal cortex as
there is spatial overlap between these regions (Merritt et al.
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2023). Standard effect sizes (Hedges’ g) for individual stud-
ies were estimated. The individual study effect sizes were
then entered into a random effects meta-analytic model using
restricted maximum likelihood estimation. I* values were
calculated to estimate between study heterogeneity. Funnel
plots were visibly inspected for evidence of publication bias
(Supplemental Figs. 1 and 2).

Risk of bias

Two researchers (L.M. and C.B.) assessed risk of bias
in group matching based on variables using the Newcas-
tle—Ottawa quality assessment for case—control studies

(Stang 2010), and where there was a dispute a third senior
supervising author checked the study information (Supple-
mental Table 1).

Results

Retrieved studies for the meta-analysis of GSH

The literature search identified a total of 8 studies involv-
ing 230 patients (mean age of 27, 43.5% male) and 216

healthy volunteers (mean age of 31.5, 42.8% male). Figure 1
shows the PRISMA flowchart. The seven included studies

Fig. 1 Search process summa-
rising the review and exclusion

178 studies identified screened

of studies

y

112 studies excluded after title and
abstract review because topic not
pertinent to this meta-analysis

y

y

48 duplicates removed

18 studies identified for full-text review
or full text sought from authors

A4

10 studies excluded
3 studies did not give data for GSH levels
5 conference abstracts did not provide data
1 study did not provide useful comparison
1 study included comorbid conditions

8 studies included in the meta-analysis
3 studies gave data for the occipital cortex
5 studies gave data for the medial frontal cortex

Lower GSH (patient group) Higher GSH (patient group)

Shungu,2012 -1.25[-2.086, -0.44]
Godlewska,2015 —m— -0.66 [-1.18, -0.14]
Freed,2017 -1.34 [-2.24, -0.44]
RE Model ———— -0.98 [-1.45, -0.50]
| T T T T 1
25 -2 15 -1 05 0

Standardized Mean Difference

Fig. 2 Forest plot of occipital cortex showing standardised mean difference between patients with MDD and healthy controls
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Table 1 Individual MRS studies with number of patients and demographics, MRS acquisition methodology and internal reference (PCr: phos-
ophocreatine; Cr creatine)

Study Brain region Cases HV Cases mean Cases % male HV mean age HV % male MRS acquisi- MRS Internal
age tion reference
methodology
Shungu 2012 OCC 15 13 31.71[9.6] 40 27.6 [7.4] 46.2 3TEXCITE,  Water-scaled
J-edited spin
echo differ-
ence
Godlewska OCC 33 27 29.9[10.6] 424 30.3 [10.6] 40.7 3TSPECIAL Crand PCr
2015
Taylor 2017 MFC and 17 18  22.5[4.6] 35 23.9 [4.6] 61 7T STEAM Water-scaled
thalamus
Freed 2017 occC 19 8 15.6 [2.5] 57.8 16.1 [3.4] 37.5 3 T PRESS, Water-scaled
J-edited spin
echo differ-
ence,
SPGR and
FLAIR
Hermens 2018 MFC and hipp 94 59 21.5[2.8] 42.6 23.8 [2.9] 35.6 3 T PRESS Not available
Draganov 2020 MFC 31 63 37.3[10.8] 41.9 41.8[10.1] 46.9 3 T PRESS Water-scaled
Smith 2021 MFC and 9 9 70 [7] 55.6 67 [7] 444 7T STEAM Cr and PCr
posterior
cingulate
Tuura 2023 MEFC 12 19 22.3[2.8] 42% 27.51[5.2] 37 3 T MEGA- Water-scaled
PRESS

are summarized in Table 1. 17 studies were initially identi-
fied, but 10 studies were excluded due to lacking or unus-
able data. 3 studies referred to GSH but did not give data,
5 studies were conference abstracts — we were unable to
gain access to this data, despite three attempts at email cor-
respondence with the authors. One study split patients into
suicide-attempters and non-attempters, and another reviewed
depression traits in schizophrenia: both of these studies were
excluded.

Three studies contained data for more than one brain
region: the results for these different brain regions were
included in the final meta-analysis, giving a total of 11
studies in the final list of brain regions with data availa-
ble. (Table 2) In total, there were three studies in the occipi-
tal region; five studies in the medial frontal cortex; and one
each for the posterior cingulate cortex, hippocampus and
thalamus. We therefore undertook separate meta-analysis
for the occipital and medial frontal cortex.

Occipital cortex

There were three studies using data from the occipital cortex
including 67 patients (mean age of 26.3, 46.2% male) and 48
healthy volunteers (mean age of 27.2, 41.7% male) (Freed
et al. 2017; Shungu et al. 2012; Godlewska et al. 2015). In
this area GSH was decreased in the patient group (g=—0.98,
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95% CI, —1.45—-0.50, P= <0.001) (Fig. 2). Heterogeneity
was 25.77% with no evidence of publication bias on visible
inspection of the funnel plot (Supplemental Fig. 1).

Medial frontal cortex

Five studies included data for the medial frontal cortex (as
defined in Methods) including 163 patients (mean age of
27.3, 42.4% male) and 168 healthy volunteers (mean age
of 32.7, 43.2% male) (Taylor et al. 2017; Hermens et al.
2018; Draganov et al. 2020; Smith et al. 2021; Tuura et al.
2023). There was no significant finding for GSH levels in
the medial frontal cortex (g=0.18 (95% CI, —0.09-0.44))
(Fig. 3). Heterogeneity was 20.45% with no evidence of
publication bias on visual inspection of funnel plot (Sup-
plemental Fig. 2).

Other brain areas

In addition to the areas highlighted above, there were also
single studies available for the posterior cingulate cortex
(Smith et al. 2021), hippocampus (Hermens et al. 2018), and
thalamus (Taylor et al. 2017), all of which showed no dif-
ference in GSH levels between cases and controls. A forest
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Table 2 Combined and categorised MRS studies with number of patients and demographics

HV average age HV % male

Cases % male

Cases aver-
age age

Heterogene- Hetero

ity %

Effect size p value

Effect size (95% CI)

Cases HV

Studies

Brain region

P value

42.8

31.5

43.5

27.0

216
302
168

48

230
350
163
67

All

42.6

30.6

41.1

26.4

0.0002
0.2302
0.2996

75.3

0.285

~0.19 (=0.54 — 0.16)
0.18 (—0.09 — 0.44)

11%*

Combined

MEFC
OCC

432

42.4 32.7

27.3

20.45
25.77

0.1988

41.7

27.2

46.2

26.3

<0.001

—0.98 (—1.45—-0.50)

8 separate studies, but 3 with both MFC and OCC

plot showing all areas combined is available in Supplemental
Fig. 3.

Discussion

Our review found that people with MDD have lower GSH in
the occipital cortex relative to healthy controls. This was not
the case for the medial frontal cortex nor when an analysis
was done including all areas. To our knowledge, this is the
first meta-analysis to examine GSH in this patient group.

There is no post-mortem data available for the occipi-
tal cortex. However, a post-mortem study of the prefrontal
cortex (Gawryluk et al. 2011) did show reduced GSH levels
in patients with depression compared to controls. Whilst
we did not find this replicated in our meta-analysis in this
particular brain region (nor in any of the individual stud-
ies included), nonetheless we did find this difference in the
occipital region.

In addition, in an in vivo study patients diagnosed with
MDD, levels of anhedonia were associated with lower lev-
els of GSH in the occipital cortex (Lapidus et al. 2014),
suggesting that low GSH may be associated with particu-
lar symptoms of MDD. At present, the role of the occipital
cortex in depression is not fully elucidated (Wu et al. 2023),
although studies in other conditions suggest that it may play
arole in oxidative stress (Zhang et al. 2021). GSH and simi-
lar antioxidant enzymes are lower in the blood of patients
with MDD compared to controls, suggesting that there is an
effect of GSH in the pathology of MDD (Maes et al. 2011;
Stefanescu and Ciobica 2012; Kodydkova et al. 2009; Rybka
et al. 2013). It may therefore be that more 'H-MRS studies
are required to more fully determine whether these post-
mortem findings are replicated in vivo.

We found low levels of heterogeneity when analysis was
done in individual brain regions, However when all areas
were combined in the analysis the heterogeneity was much
higher (I* of 72.18). This may reflect differences across the
studies including the duration of illness, age (in particu-
lar, the lower mean age of both healthy controls and MDD
patients in the studies of occipital cortex), and medication
use.

A meta-analysis of GSH has been done in patients with
BPAD and found a significant increase in GSH in the ante-
rior cingulate cortex in patients as compared with healthy
controls (Das et al. 2019). In our study, we did not find a
difference in the medial frontal cortex (which included the
anterior cingulate cortex), and instead found the opposite
effect in the occipital cortex. The authors of this meta-
analysis in BPAD suggested that mood state may affect the
cerebral GSH content, given similar effects seen with other
antioxidant enzymes (Andreazza et al. 2007), and it may be
that more granular studies are required that control for or
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Fig.3 Forest plot of medial
frontal cortex showing standard-

Lower GSH (patient group)

Higher GSH (patient group)

ised mean difference between

patients with MDD and healthy Taylor,2017 —— -0.31[-0.97, 0.36]
controls Hermens, 2018 —— 0.31[-0.01, 0.64]
Draganov,2020 —.— 0.02[-0.41, 0.45]
Smith,2021 0.02 [-0.90, 0.94]
Tuura,2023 S — 0.76 [0.01, 1.51]
RE Model —— 0.18 [-0.09, 0.44]

investigate particular mood states and the impact on brain
area specific GSH differences. This is particularly pertinent
given the apparent increase in GSH in BPAD and reduction
in unipolar depression, suggesting that the affective state
may account for these differences. More studies are required
to further investigate this hypothesis, and would offer the
opportunity to measure GSH levels in different BPAD states
such as psychosis.

Our results are consistent with the hypothesis that
reduced GSH is associated with MDD, which supports the
idea that oxidative stress may form part of the mechanism
of the underlying MDD (Bhatt et al. 2020; Rodrigues et al.
2014). The loss of redox homeostatic balance in the brain in
the presence of increased ROS or reduced GSH and simi-
lar antioxidant molecules may suggest a pro-inflammatory
aetiology in MDD. GSH is thought to be the most important
endogenous non-enzymatic antioxidant (Kurutas 2016) and
hence may be a key target in future treatments for MDD.
Given the implications of our study, further work in this area
is likely to further illustrate the role of different parts of this
system in maintaining a healthy balance between oxidative
stress and antioxidants in neural tissue.

The main limitation of our meta-analysis is the small
number of studies (together with small sample sizes) cur-
rently in the literature, with single studies only for the pos-
terior cingulate cortex, the hippocampus, and the thalamus
(none of which showed a difference in GSH levels between
cases and controls). It is likely that further studies specifi-
cally in regions of the MFC and the OCC would be impor-
tant in the future, particularly given the suggested impor-
tance of the former in post-mortem studies in depression.
There is similarly in vivo evidence for the role of the occipi-
tal lobe, both structurally and functionally, in depression
(Maller et al. 2014; Sanacora et al. 2002; Fernandez et al.
2005; Guan et al. 2021). Further studies in this area will
enable us to determine whether the current limited num-
ber of studies is confounding in any attempt to delineate
location-specific differences in GSH.

Of note, all the studies undertaken in the OCC included
in this meta-analysis used 3 T MRS strength, whereas there
was variation in MRS strength across the other brain regions
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(7 T was used for two MFC studies, with 3 T used for three
MEC studies). There was no consistent pattern of acquisi-
tion method used across studies. 7 T is likely to give a more
precise reading for metabolites than 3 T generally in MRS
studies (Pradhan et al. 2015; Ladd et al. 2018), although
there is no clear guidance on this specifically for GSH meas-
urement. There were two methods used for internal refer-
ence in the included studies, both phosphocreatine/creatine
and water-scaling. There was no consistent pattern in the
method used across the studies in the different brain regions.
Studies which make use of phosphocreatinine/creatinine for
this purpose may suffer from methodological error given the
reported negative association between creatinine levels and
depression scores (Faulkner et al. 2021). However, if such a
negative association is indeed found, then such a technique
is likely to give a higher ratio for GSH in MDD. Interestingly
our results suggest, conversely, that GSH is lower in MDD.

Due to the low number of studies and the inconsistency
in reporting variables across the studies, it was not possible
to look at the association of GSH levels with sex or age,
particular symptoms and medication use. Future studies will
benefit from taking a more systematic approach in this area.
Similarly, there was some lack of consistency in 'H-MRS
approach and measurement, although this did not adversely
affect our ability to compare across studies. Limited infor-
mation was provided on symptom severity across studies.
It is likely that controlling for these variables will offer a
clearer picture of the trait vs state role of GSH, and in future
pharmacological studies may additionally help in this regard.

Conclusion

We found evidence for the role of lower GSH in patients
with MDD in the occipital region of the brain, a difference
which is not found in other brain regions or in combined
brain region studies. However, the findings of this meta-
analysis are limited by the small number of studies and MRS
quality in some of the included studies. More studies are
needed to explore this mechanism further, not least given the
advent of medications targeting antioxidant systems which
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may be an important future therapeutic option in patients
with MDD (Simon et al. 2023; Shuang et al. 2020).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-024-06735-1.
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