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Glutathione precursors shield the 
brain from trauma

In the United States, approximately one-third of all injury-related deaths 
are due to traumatic brain injury (TBI). Anyone is at risk for TBI; how-
ever, the risk is higher for athletes in contact sports, military personnel, 
children, and the elderly. TBI is characterized by a mild, moderate, or se-
vere mechanical force to the head which can be further classified as blast, 
blunt, or ballistic. The sheer mechanical force of the impact to the head 
results in the primary injury including diffuse axonal injury, internal 
bleeding, swelling, and neuronal cell death. Secondary injury occurs over 
time, often weeks to months post-TBI, and is characterized by neuroin-
flammation, blood-brain-barrier disruption, oxidative stress, mitochon-
drial dysfunction, neuronal apoptosis, and other deleterious effects in 
the brain (Khatri et al., 2018). Recent research indicates that secondary 
injury from TBI may be considered a risk factor for neurodegenerative 
diseases occurring later in life, such as Alzheimer’s disease and chronic 
traumatic encephalopathy. A key molecular mechanism that contributes 
to secondary injury after TBI is free radical damage which is induced by 
the aberrant production of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS).

Free radical damage following TBI: ROS and RNS are mostly generat-
ed from dysfunctional mitochondria and neuroinflammatory cells. The 
brain is highly susceptible to damage induced by these free radicals and 
intracellular targets include protein sulfhydryls, lipid membranes, and 
DNA. Following TBI, cell metabolism becomes dysregulated, leading to 
the overproduction of ROS from damaged mitochondria. TBI disturbs 
the redox homeostasis resulting in a loss of essential endogenous anti-
oxidants and a consequent further build-up of free radicals. Eventually, 
neurons and glia are unable to scavenge the excess ROS and RNS and 
the brain is exposed to oxidative and nitrosative stress, respectively. In-
flammation occurring after TBI prompts the activation of microglia and 
astrocytes which further produce ROS and RNS, adding to the secondary 
injury (Khatri et al., 2018).

Glutathione (GSH) depletion following TBI contributes to secondary 
injury: Antioxidants are compounds that can prevent the formation of 
free radicals or sequester and reduce ROS and RNS through redox reac-
tions, making them a viable therapeutic option to prevent oxidative and 
nitrosative stress after TBI (Khatri et al., 2018). GSH is a tripeptide that 
functions as an essential antioxidant and protects neurons against free 
radical damage in the brain (Ross et al., 2012). GSH peroxidases (GPx) 
use GSH to detoxify ROS, generating an oxidized form of GSH (GSSG) 
while reducing hydrogen peroxide to water. Glutathione reductase (GR) 
then utilizes NADPH to reduce the oxidized GSSG to replenish the GSH 
pool. The GSH to GSSG ratio is an important indicator of how the cell is 
managing oxidative stress and maintaining its redox balance (Ross et al., 
2012).

Previous work has shown a reduction in brain GSH following TBI 
which may enhance the susceptibility of neurons to damage by free radi-
cals. Ansari et al. (2008) measured the GSH/GSSG ratio and the activities 
of GPx and GR in a unilateral moderate cortical contusion model of TBI 
in the hippocampi of young adult rats. They found that the ratio of GSH/
GSSG exhibited a significant time-dependent decrease post-TBI in the 
hippocampus ipsilateral to the injury, when compared to sham controls. 
The decrease was observed initially at 3 hours post-TBI and dropped 
to the lowest values at 24–48 hours post-TBI. The ratio of GSH/GSSG 
was still significantly lower than sham controls at 96 hours post-TBI. 
Furthermore, GPx and GR activities in the hippocampus also displayed 
time-dependent declines similar to that observed for the GSH/GSSG 
ratio (Ansari et al., 2008). In a clinical study, Bayir et al. (2002) mea-
sured GSH levels in cerebrospinal fluid of 11 infants and children who 
had suffered a severe TBI. They found that GSH levels were significantly 
decreased from day 1 post-TBI until day 7 post-TBI, when compared to 
healthy controls. 

Dash et al. (2016) has shown that GSH precursors are also decreased 
after TBI. Methionine, when metabolized, generates S-adenosylmethi-
onine (SAM). Homocysteine, an amino acid homologue of cysteine, is 
used to synthesize GSH under oxidative stress and is derived from SAM. 
The authors examined plasma levels of methionine and its metabolites 
in human patients 24 hours following mild and severe TBI. They found 
that methionine and SAM levels were significantly decreased in severe 

TBI patients when compared to healthy controls. Furthermore, they also 
observed a significant decrease in GSH precursors, cysteine and glycine, 
in the severe TBI group when compared to controls. Mild TBI patients 
also showed a decrease in methionine and glycine levels, however, this 
decrease was less than that measured in the severe TBI patients (Dash et 
al., 2016). 

From the above studies, it is evident that brain GSH is depleted follow-
ing TBI. Additional evidence suggests that endogenous GSH plays a role 
in protecting neurons from the devastating effects of TBI. For instance, 
transgenic mice deficient in GPx displayed increased oxidative stress 
and mitochondrial dysfunction following a TBI induced by controlled 
cortical impact, when compared to non-transgenic controls (Xiong et al., 
2004). Al Nimer et al. (2013) also explored a genetic component of the 
GSH pathway in two strains of mice, dark agouti and piebald virol glaxo 
(PVGav1), in a weight drop model of TBI. These strains exhibit a differ-
ence in the regulation of the GSH pathway specifically at the level of the 
transcript for glutathione S-transferase-4. The PVGav1 mice display in-
creased glutathione S-transferase-4 expression compared to dark agouti 
mice and demonstrated increased survival of neurons and a decrease in 
by-products of lipid peroxidation following TBI (Al Nimer et al., 2013). 
These studies further support the hypothesis that GSH plays a significant 
role in protecting neurons against oxidative and nitrosative stress caused 
by TBI. 

Collectively, the above studies suggest that increasing or sustaining 
the available GSH pool in the brain may be a reasonable approach to 
limit secondary injury post-TBI. GSH is synthesized by the enzymes 
γ-glutamylcysteine ligase and glutathione synthetase. The limiting pre-
cursor for GSH synthesis is the amino acid cysteine. Thus, agents which 
augment the available cysteine pool act as GSH precursors and could be 
used to enhance GSH synthesis making the brain more resilient to TBI 
(preventative) or improving recovery post-TBI (restorative). 

GSH precursors as treatment options for TBI: A few studies have 
shown the neuroprotective effect of treatment with GSH precursors post-
TBI. N-acetylcysteine (NAC) is an antioxidant precursor to GSH and 
cysteine analog which can induce GSH synthesis or scavenge ROS itself. 
Hicdonmez et al. (2006) explored the beneficial effect of NAC in a closed 
head free fall cortical impact TBI model in rats. NAC was given to rats 
15 minutes post-TBI and rats were sacrificed at 2 and 12 hours post-TBI. 
Administration of a single dose of NAC post-TBI significantly decreased 
malondialdehyde levels (an index of lipid peroxidation), increased 
superoxide dismutase and GPx levels, and protected neurons when 
compared to untreated rats that received TBI (Hicdonmez et al., 2006). 
These findings indicate that NAC can protect neurons from oxidative 
stress through the increased activity of antioxidants such as superoxide 
dismutase and GPx. Another study tested the importance of the excit-
atory amino acid carrier type 1 (EAAC1), a membrane transporter that 
participates in the neuronal uptake of cysteine and maintains the levels 
of GSH in the brain. In this study, EAAC1 receptor knock-out mice were 
subjected to a controlled cortical impact TBI. When mouse hippocampi 
were analyzed 3 and 24 hours post-TBI, superoxide production was sig-
nificantly increased, and neuronal death was doubled in the EAAC1−/− 
mice, when compared to wild-type mice subjected to TBI. Inflammation 
was also significantly increased in the EAAC1−/− mice when compared 
to wild-type mice evidenced by an increase in microglial activation at 
1-week post-TBI. Interestingly, pretreatment with NAC significantly re-
duced neuronal death and superoxide production in the EAAC1−/− mice. 
These observations designate a crucial role for the EAAC1 transporter in 
GSH production and neuronal protection against the secondary injury 
induced by TBI (Choi et al., 2016). S-nitrosoglutathione (GSNO) is a me-
tabolite of GSH which can combat oxidative stress. GSNO has the ability 
to scavenge RNS and is seven-fold more capable than GSH to combat 
against oxidative stress caused by peroxynitrite (Khan et al., 2009). When 
GSNO was administered to rats 2 hours after a controlled cortical impact 
TBI, the integrity of the blood brain barrier was preserved, apoptosis was 
reduced, and macrophages showed reduced inducible nitric oxide syn-
thase expression when compared to vehicle-treated injured animals. TBI 
animals treated with GSNO also significantly recovered neurobehavioral 
functions, such as motor deficits and cognitive impairment, as evaluated 
by the rotarod task and sensorimotor measurements when compared to 
untreated TBI animals (Khan et al., 2009). Studies have also explored the 
neuroprotection exhibited by γ-glutamylcysteine ethyl ester (GCEE), a 
cell-permeable form of γ-glutamylcysteine that up-regulates GSH pro-
duction in the brain. Reed et al. (2009) administered GCEE to adult rats 
approximately 10 min following a weight drop model of TBI, followed by 
euthanasia at 24 hours post-TBI. The results showed that GCEE signifi-
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cantly reduced levels of 3-nitrotyrosine, an indicator of nitrosative stress, 
and protein carbonyls, a marker of protein oxidation, to values like those 
of sham controls.

Although the above studies highlight the effects of different GSH 
precursors against secondary injury in TBI, many of them lack an assess-
ment of motor and cognitive function. Observing the effect of GSH pre-
cursors on motor function and cognition would allow for an evaluation 
of recovery following TBI and would be more relevant to future clinical 
applications in humans. Furthermore, many of the GSH precursors 
discussed above have primarily been tested as restorative treatments for 
TBI. A preventative treatment would be highly beneficial in protecting 
high-risk populations from TBI. We have recently studied the effects of 
a non-denatured whey protein supplement, Immunocal®, in a mouse 
model of moderate TBI induced by controlled cortical impact (Ignowski 
et al., 2018). Unlike the above studies, Immunocal® was administered as 
a preventative treatment and the ability of Immunocal® to restore motor 
and cognitive deficits post-TBI was also measured. Immunocal® is re-
plete with cystine and γ-glutamylcysteine and has been shown to act as a 
cysteine delivery system that boosts GSH levels in vivo (Ross et al., 2012). 
CD1-Elite male mice were pretreated orally with Immunocal® for a pe-
riod of 28 days prior to TBI. Following TBI, the mice were assessed for 
motor deficits using the beam walk and rotarod. Mice were also assessed 
for spatial learning and memory using Barnes maze testing. TBI mice 
pretreated with Immunocal® performed significantly better than un-
treated TBI mice in all these tests. Immunocal® pretreated mice also dis-
played a significantly higher preserved brain GSH/GSSG ratio measured 
at 72 hours post-TBI than measured in untreated TBI mice. These data 
indicate that Immunocal® provides ample cysteine which is converted 
into GSH in the brain. With supplementation of Immunocal®, cells can 
overcome excess ROS and RNS and maintain a balance of the GSH redox 
state. Furthermore, TBI mice pretreated with Immunocal® also displayed 
a two-fold reduction in brain malondialdehyde and a preservation of 
brain-derived neurotrophic factor, when compared to untreated TBI 
mice at 72 hours post-TBI. Lastly, we found that Immunocal® pretreated 
mice subjected to TBI displayed significantly less demyelination of the 
corpus callosum and decreased numbers of degenerating neurons when 
compared to untreated TBI mice. 

Concluding remarks: The above findings indicate that various GSH 
precursors may be viable neuroprotective agents against the secondary 
injury caused by TBI (Figure 1). Immunocal® would be particularly 
beneficial for high-risk populations due to its preventative effects against 
secondary injury mechanisms induced by TBI and due to its ability to 
significantly improve deficits in motor and cognitive function. Ameliora-
tion of secondary injury could be crucial in the long term. Pre-treatment 
with GSH precursors could lessen the severity of motor and cognitive 
impairments and ultimately improve an individual’s quality of life after 
TBI. Furthermore, TBI increases the risk of developing serious neuro-
degenerative diseases, such as Alzheimer’s disease. Pre-treatment with 

GSH precursors could reduce this risk in the long term. Further research 
should be done with Immunocal® and other compounds which increase 
or enhance GSH production, as these could be considered safe and effec-
tive treatments for TBI.
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Figure 1 GSH precursors protect the 
brain from multiple secondary injury 
processes induced by traumatic brain 
injury. 
Brain trauma results in decreased GSH 
and GSH-dependent enzyme activities. 
Trauma also increases inflammation 
and production of free radicals. GSH 
precursors act to restore or preserve 
the GSH pool, scavenge free radicals, 
and attenuate inflammation. GSH: 
Glutathione; ICAL: Immunocal®; NAC: 
N-acetylcysteine; GSNO: s-nitrosoglu-
tathione; GCEE: γ-glutamylcysteine 
ethyl ester; GPx: GSH peroxidase; GR: 
GSH reductase; ROS: reactive oxygen 
species; RNS: reactive nitrogen species.
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