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Abstract

Purpose of Review Schizophrenia (SZ) is a debilitating mental illness; existing treatments are partially effective and associ-
ated with significant side effect burden, largely due to our limited understanding of disease mechanisms and the trajectory
of disease progression. Accumulating evidence suggests that metabolic changes associated with glucose metabolism, mito-
chondrial dysfunction, and redox imbalance play an important role in the pathophysiology of schizophrenia. However, the
molecular mechanisms associated with these abnormalities in the brains of schizophrenia patients and the ways in which
they change over time remain unclear. This paper aims to review the current literature on molecular mechanisms and in vivo
magnetic resonance spectroscopy (MRS) studies of impaired energy metabolism in patients at clinical high risk for psycho-
sis, with first-episode SZ, and with chronic SZ. Our review covers research related to high-energy phosphate metabolism,
lactate, intracellular pH, redox ratio, and the antioxidant glutathione.

Recent Findings Both first-episode and chronic SZ patients display a significant reduction in creatine kinase reaction activity and
redox (NAD +/NADH) ratio in the prefrontal cortex. Chronic, but not first-episode, SZ patients also show a trend toward increased
lactate levels and decreased pH value. These findings suggest a progressive shift from oxidative phosphorylation to glycolysis for
energy production over the course of SZ, which is associated with redox imbalance and mitochondrial dysfunction.

Summary Accumulating evidence indicates that aberrant brain energy metabolism associated with mitochondrial dysfunc-
tion and redox imbalance plays a critical role in SZ and will be a promising target for future treatments.

Keywords Bioenergetics - Mitochondrial function - Redox imbalance - Progression of psychotic disorders - Schizophrenia

Introduction

Schizophrenia (SZ) is a severe mental illness that places
a substantial burden on healthcare systems and can have
devastating effects on patients and their caretakers. Still,
we know very little about the underlying molecular mecha-
nisms and trajectory of the disease. There is evidence for
progressive changes in the illness throughout adolescence
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and adulthood, but variations in research methods and phe-
notypic definitions of SZ have hampered research progress.
Although the positive symptoms of SZ tend to remain sta-
ble or improve over time, cognitive deficits and negative
symptoms can become more impairing [1, 2]. Additionally,
disease identification and treatment during critical phases
of the early disease course—clinical high-risk (CHR) and
first-episode (FE) stages—can impact long-term functional
outcomes [3]. Thus, there is an urgent need to understand
the disease progression mechanisms to provide alternative
treatment strategies and tools for earlier intervention.
Despite enormous efforts, SZ pathophysiology is still
unclear, and the functional outcome of SZ patients remains
poorly managed [4, 5]. Prominent contributors to SZ patho-
genesis include impaired neuronal circuitry development,
dysfunctional neurotransmission, excessive neuroinflamma-
tion, oxidative stress, and metabolic deficits [6, 7]. Treatments
that act on the brain’s neurotransmission system, primarily by
blocking dopamine receptors, can effectively treat positive
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symptoms of SZ but often fail to improve negative and cogni-
tive symptoms [8—10]. Therefore, researchers have searched
for alternative mechanisms to target to alter the course of this
disease. A growing body of evidence suggests an “immuno-
oxidative” pathway, including the disturbance of glutamater-
gic neurotransmission with N-methyl-D-aspartate receptor
(NMDAR) hypofunction, redox dysregulation, oxidative stress,
and neuroinflammation, forming a “central hub” of SZ pathol-
ogy [6, 7]. The interaction among these processes leads to an
excitatory-inhibitory imbalance within local neuronal circuits
and impaired connectivity between distant brain regions, ulti-
mately harming information processing and prompting SZ
symptom formation [11e, 12]. Accumulating evidence indicates
that aberrant brain energy metabolism and mitochondrial dys-
function play a critical role in this “immuno-oxidative” path-
way and have become increasingly common in the discussion
of SZ pathology [13]. This is not surprising as our brain is
the human body’s most metabolically active organ, consuming
roughly 20% of the body’s energy at rest despite comprising
only 2% of the body’s mass [14]. One of the most fundamen-
tal processes supporting the brain’s high energy demand is
adenosine triphosphate (ATP) synthesis. Most de novo ATP
synthesis is carried out by oxidative phosphorylation (OxPhos)
in the mitochondria using a collection of enzyme complexes
and electron-shuttling proteins [15]. Reduced electron carriers
(e.g., NADH and FADH,) generated from glycolysis and the
tricarboxylic acid (TCA) cycle release electrons that aid ATP
synthesis [15]. Neurons rely on mitochondria to generate the
large amounts of ATP needed for basic cellular homeostasis as
well as complex information processing. Glutamatergic neuro-
transmission, a process that is suspected to be impaired in SZ
[16], utilizes most of the brain’s ATP [17]. Furthermore, mito-
chondrial respiration is the main producer of reactive oxygen
species (ROS) [18], known to cause oxidative stress when not
properly regulated. Multiple biomarkers of oxidative stress are
increased in SZ patients [19], suggesting difficulty in maintain-
ing ROS homeostasis.

Evidence for abnormal energy metabolism in SZ is largely
based on animal models, post-mortem brains, and genetic stud-
ies. Dysregulated expression of various energy production genes
has been found in cortical regions of post-mortem SZ brains
[15]. These genes are related to the mitochondrial genome,
nucleus mitochondria-crosstalk, and OxPhos [15, 20]. Addi-
tionally, the number and size of mitochondria in the anterior
cingulate cortex (ACC), prefrontal cortex, hippocampus, cau-
date, and putamen of post-mortem SZ brains are lower than
in healthy control brains [15]. Analysis of the mitochondrial
proteome of SZ-derived induced pluripotent stem cells (iPSCs)
revealed significant differential regulation of proteins related
to calcium transport, mitochondrial location, the TCA cycle,
and cell redox homeostasis compared to healthy control iPSCs
[21]. Researchers have also found that metabolism in neural
stem cells and cerebral organoids derived from SZ patients were
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heavily reliant on glycolysis rather than oxygen metabolism [21,
22], showed deficits in oxygen consumption and ATP produc-
tion [23], and had increased ROS levels [21]. Altogether, this
suggests abnormal energy metabolism in the SZ brain with a
possible shift from the TCA cycle and oxidative phosphoryla-
tion to glycolysis and an increase in oxidative stress.

Although these studies have provided a strong foundation
to study energy metabolism in SZ, in vivo measures of energy
metabolism in the brains of humans with SZ are necessary to
confirm these theories and to develop novel treatments. Serum
and cerebrospinal fluid (CSF) studies provide an estimate of
energy metabolism in the central nervous system but cannot
quantify the exact levels of metabolites in the brain. 'SFDG-
PET has been used to directly observe the hypometabolism of
glucose in the frontal lobe of SZ patients compared to controls,
confirming that energy metabolism is generally disrupted in
the frontal lobes [24]; however, this method is invasive and
expensive. Measures of insulin action, such as the oral glucose
tolerance test, have also detected impaired glucose metabolism
and insulin sensitivity in FE psychosis [25], but this method
does not directly measure metabolism in the brain. In con-
trast, magnetic resonance spectroscopy (MRS) is a special-
ized, noninvasive neuroimaging technique that allows in vivo
measurement of numerous energy production metabolites. For
instance, '"H-MRS enables us to examine glutathione (GSH),
lactate, and glutamate/glutamine levels. Additionally, *'P-
MRS provides a means of quantifying the two main pools of
high-energy phosphates, ATP and phosphocreatine (PCr), as
well as inorganic phosphate (Pi) [26]. Using *'P-MRS, we also
can calculate the NAD +/NADH ratio (redox pair, the oxidiz-
ing and reducing forms of nicotinamide dinucleotide), intra-
cellular pH value, and the dynamic reaction rates of creatine
kinase (CK) and ATPase [27¢]. Furthermore, MRS provides a
noninvasive tool for tracking the evolution of energy metabo-
lism from the CHR stage to chronic SZ. Thus, this paper will
review the recent literature regarding energy metabolism in
the brains of human SZ patients, focusing on findings from
specific measures obtained via 'H- and *'P-MRS research.

Brain Lactate and Intracellular pH Indicate
a Shift to Glycolysis

Researchers have theorized that there may be a shift in the
brain from OxPhos to glycolysis for energy production in
SZ. For instance, pyruvate dehydrogenase, the enzyme that
converts pyruvate to Acetyl-CoA before entering the TCA
cycle, is downregulated in the brains of SZ patients reported
from the post-mortem studies [28, 29]. Additionally, a 2020
meta-analysis of post-mortem SZ studies found increased
lactate in the brains of schizophrenia patients compared
to controls [30]. Lactate and parenchymal pH, which can
be measured in vivo using 'H- and *'P-MRS, respectively,
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may elucidate this potential biochemical shift in SZ patients
in vivo. Therefore, we can infer the primary mode of energy
production by measuring these two indicators.

Lactate

An increase in glycolysis would result in the buildup of lac-
tic acid (lactate), making lactate a biomarker of interest for
impaired OxPhos. Four studies have examined lactate levels
in chronic or FE SZ patients. Notably, lactate is elevated
in the ACC and centrum semiovale regions in chronic SZ
patients compared to controls, measured at 7 Tesla (T) [31,
32]. Furthermore, elevated lactate level in chronic SZ was
associated with reduced cognitive functioning and functional
capacity in one study [31] and negative symptoms in another
[32]. In contrast, there were no observed differences in lac-
tate levels between FE and HC groups at 7 T in the ACC,
dorsolateral prefrontal cortex, thalamus, centrum semiovale,
and orbitofrontal region [33]. Additionally, a longitudinal
study found no change in lactate in FE patients over 4 years
in the same five brain regions, indicating that energy produc-
tion may not change significantly over the early course of SZ
[34]. To determine whether abnormal lactate levels are pre-
sent during the prodromal phase of SZ, another study exam-
ined differences in lactate between CHR and HC groups at
3 T [35]. Indeed, there was no difference in lactate between
CHR and HC groups [35]. Overall, these findings point to
normal lactate levels during prodromal and early-phase SZ
that becomes elevated in chronic SZ—possibly as a long-
term consequence of impaired mitochondrial function.

Intracellular pH

A decrease in intracellular pH, although not solely regu-
lated by lactate concentration, may also point to decreased
ETC activity and acidification of tissue [36]. 3Ip_MRS can
be used to examine intracellular pH based on the chemi-
cal shift difference between PCr and Pi. Two recent papers
have reviewed existing *'P-MRS studies of pH and found no
significant results [30, 37]. However, many of the reviewed
studies were published in the 1990s and used scanners with
low field strengths (1.5 or 2 T) or had insignificant power to
detect differences in brain pH [30]. Only one of these studies
was conducted at 4 T, which found a significant decrease in
pH in chronic SZ patients compared to HCs [27¢]. In con-
trast, an analysis of three >'P-MRS studies of pH at 1.5 T
and one at 4 T in FE and the first-degree relatives of psy-
chosis patients found no significant difference in intracel-
lular pH compared to the control group [38], indicating that
decreased pH may be a long-term consequence of persistent
bioenergetic abnormalities in SZ rather than a risk factor.
Of note, there have been no studies of pH in CHR partici-
pants, and no study to date has looked at brain pH and lactate

simultaneously. Using "H-MRS to examine lactate and 'P-
MRS to examine pH at the same experimental session could
indicate whether the body has shifted away from OxPhos
toward glycolysis in an individual. Overall, there is a trend
toward a progressive decrease in pH from FE to chronic
SZ, which is supported by studies with stronger magnetic
field strengths and sufficiently powered samples, but further
research is needed to confirm this observation.

Creatine Kinase and High-Energy
Phosphate Metabolism

3IP-MRS allows in vivo examination of the two main pools
of high-energy phosphates, ATP and PCr, as well as the rates
of ATP transportation, synthesis, and consumption [39]. PCr
acts as a reservoir for high-energy phosphates in the cyto-
plasm that can be accessed in response to energy demand,
serving as a readily available source to rapidly regenerate
ATP. This reversible reaction, catalyzed by creatine kinases
(CKs), is critical for maintaining stable ATP levels to sup-
port all energy-requiring processes in the brain. Energy
homeostasis in the brain supports many essential high-
energy processes, including maintenance of ion gradients,
synaptic transmission, and neural plasticity [40] as well as
white matter integrity [41-43].

PCr/ATP Ratio

The importance of the chemical exchange between PCr and
ATP has prompted investigators to measure their steady-
state ratio (PCr/ATP) using 3'P-MRS as a proxy for the meta-
bolic rate of the brain. However, a 2015 3'P-MRS review from
our group by Yuksel and colleagues found no significant pat-
terns in differences in PCt/ATP between SZ patients and healthy
controls (HCs) in the frontal lobes, temporal lobes, and sub-
cortical structures [26]. This held true for both FE and chronic
SZ patients. We suggested in that review that small sample
sizes, low magnetic field strength, and other methodological
discrepancies may have generated these inconsistent findings
[26]. Since this literature review, two independent studies with
moderate sample sizes from our group have used 4 T 3'P-MRS
in FE psychosis [44, 45¢] and chronic SZ [27¢]. One found a
significantly lower ratio of PCt/ATP in the FE psychosis patients
and their unaffected siblings compared to the HC group [44],
while the other FE psychosis study did not [45¢]. Of note, a large
proportion of the FE psychosis patients in the study with positive
findings had bipolar disorder (BD) with psychosis rather than
schizophrenia, schizophreniform, or schizoaffective disorder
[44]. Furthermore, the study of chronic SZ patients found no dif-
ference in PCr/ATP ratio between patient and HC groups [27¢].

The 3'P-MRS literature has largely focused on high-
energy phosphate metabolites at rest. However, the brain’s
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many complex systems often maintain important physi-
ological parameters within normal limits when faced with
challenges. To reveal the malfunction, a system can be per-
turbed or driven to a state that requires increased utilization
of resources [26]. For example, a study by Du and colleagues
examined high-energy phosphates in BD patients, where
similar bioenergetic abnormalities to SZ are reported [46],
during a visual stimulation paradigm. They found no differ-
ences between patients and controls at baseline, but there
were significant differences in PCr and ATP concentrations
during the stimulus presentation [26].

Creatine Kinase Activity

In vivo metabolite level and its ratio quantification with con-
ventional >'P-MRS can provide valuable information about
bioenergetic status. However, most in vivo 3Ip_MRS studies
using this conventional approach ignore chemical exchange
and partial saturation effects, leading to substantial errors in
metabolite quantification. Therefore, the measured PCt/ATP
ratio could be affected by the experimental parameters and
MR scanners used by individual groups [47]. Another major
limitation of measuring the PCt/ATP ratio is that steady-state
levels of metabolites may not reflect the dynamics of their
metabolism. Indeed, multiple studies have shown that the rate
of CK metabolism can significantly shift without any apparent
change in PCr or ATP levels [48—50]. These limitations can be
overcome by phosphorus magnetization transfer spectroscopy,
which directly measures the exchange rates of high-energy
phosphate metabolites—i.e., CK and ATPase activity [39, 40,
51, 52]. The first study to examine CK reaction rate in vivo in
SZ patients found a significant reduction in first-order forward
CK rate constant (producing ATP from PCr) at rest in the
medial prefrontal cortex (mPFC) of patients with chronic SZ
[27e], while the PCr/ATP ratio was not significantly altered.
This finding was replicated in another cohort of chronic SZ
patients in 2021 [53]. We then wanted to determine if this
same deficit exists in FE SZ patients and found that CK reac-
tion rate was significantly reduced in patients compared to
control participants [45¢]. This finding confirms that meta-
bolic abnormalities are not only present in chronic SZ but also
early in the illness course. Decreases in CK reaction rate have
also been observed in patients with FE BD with psychotic
features—a disorder that is known to have a similar metabolic
profile to SZ [46]. Additionally, siblings of patients with psy-
chosis have a decreased CK reaction rate compared to con-
trols, which might suggest that there is a genetic contribution
to these metabolic abnormalities [44]. Interestingly, CK flux
in the mPFC was significantly associated with functional con-
nectivity between the mPFC with other nodes of the default
mode network (DMN) and was associated with stronger
anticorrelation between the DMN and the task-positive network
(TPN) [53] in healthy controls. However, these relationships
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were compromised in psychotic patients, where SZ and BD
groups showed significantly lower CK flux and decreased anti-
correlation between the mPFC and the TPN. Taken together,
these findings indicate that lower energy generation rates
in SZ might disrupt large-scale neuronal communications,
leading to the presentation of psychotic symptoms. Further-
more, interactions between energy metabolism and neural
synchrony pathways might be a potential novel treatment tar-
get for psychotic disorders.

Redox State

The balance between reductive and oxidative (redox) reac-
tions in the brain depends on various biological pathways,
but primarily on the ETC, which produces ROS during
OxPhos [54]. Disruption of the brain’s redox balance can
lead to redox imbalance and mitochondrial dysfunction,
which can both impair the development of high-energy neu-
ral circuitry—i.e., peri-ventricular interneuron (PVI) micro-
circuits and their perineuronal nets (PNNs). PVI circuitry
supports the high-frequency neuronal synchrony responsible
for complex human behaviors such as cognitive control and
is suggested to be responsible for cognitive deficits in SZ
[12]. An antioxidant-deficient rodent model of SZ that dis-
plays PVI damage shows changes in redox balance, ATP,
PCr, intracellular pH, glutamine and glutamate, and mem-
brane phospholipid metabolites [55, 56]. In the same rodent
model with additional peri-pubertal insults, oxidative stress
induces upregulation of the microRNA miR-137 dysregula-
tion, leading to decreased COX6A2 (a subunit of cytochrome
c oxidase complex IV) in PVIs, mitophagy, and accumulation
of damaged mitochondria [56]. Furthermore, increased miR-
137 and decreased COAX?2 are also peripherally observed in
a subgroup of FE psychosis patients and are associated with
worse cognitive, positive, and negative symptoms, as well as
functional outcomes, indicating that redox state, antioxidant
levels, and mitochondrial function are intertwined. Combined
with findings of potential oxidative damage in humans with
SZ, these preclinical models led researchers to turn their
attention to the molecular regulators of redox state.

Glutathione

The primary antioxidant regulator of redox balance in the brain
is GSH [57], so researchers have used 'H-MRS to determine
if increased oxidative stress is caused by dysfunction in the
GSH system. There are more than fifteen published '"H-MRS
studies measuring GSH in SZ patients as of 2022, but there is
little consensus about GSH in the SZ literature thus far. Two
recent meta-analyses of 3 T and 7 T 'H-MRS studies found
small but significant decreases of GSH in ACC between SZ and
HC groups [58, 59], with no significant effect of age or illness
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chronicity. Antipsychotic medication dosage and type were rarely
reported, although 80-100% of SZ patients were medicated [59].
Therefore, future studies of GSH, especially those in chronic SZ,
must record and analyze the impact of medication. Both meta-
analyses consisted of sizeable FE and chronic SZ samples, but the
authors did not examine differences in GSH between these two
groups. Since these two meta-analyses, there has been one 'H-
MRS study of ACC GSH in FE SZ patients and three in chronic
SZ patients. Contrary to the findings of the meta-analyses, GSH
levels were higher in FE SZ patients than controls [60], and all
three studies in chronic SZ patients found no difference in ACC
GSH [61-63]. In response to these conflicting findings, research-
ers have started to probe GSH levels in CHR populations to iden-
tify disease effects without the confounds of disease chronicity
and medication status. To date, there are three 'H-MRS studies
of GSH in CHR populations. All three found no differences in
GSH between CHR and HC groups [35, 64, 65]. However, Jeon
and colleagues found a positive association between Social and
Occupational Functioning Assessment Scale score and GSH
concentration in the CHR but not the HC group [64]. This is
in line with a study by the same group that found a significant
association between higher GSH levels at baseline and employ-
ment/education status at baseline and 1-year follow-up in FE
SZ patients [60]. Taken together, these inconsistencies in GSH
findings are likely due to the use of widely divergent technical
approaches and sample sizes and because GSH levels may vary
based on disease chronicity, age, and symptom severity, as well
as compensatory pathways.

Redox Ratio

GSH is essential to various complex biological systems, includ-
ing redox regulation and NMDAR signaling. Therefore, other
biological parameters related to redox state may adjust to main-
tain GSH levels. The redox pair NAD +and NADH are known
to regulate energy metabolism in the brain. Most NADH is pro-
duced from NAD +during glycolysis in the cytosol and the TCA
cycle in mitochondria, where the majority of ATP is generated
[66]. NADH is subsequently converted back to NAD +during
OxPhos to power the mitochondrial electron transport chain
(ETC) [66]. All major metabolic pathways, including glycoly-
sis, the TCA cycle, ETC, fatty acid oxidation, and ketone body
metabolism, rely on redox reactions, for which NAD(H) is an
important co-substrate. Thus, NAD +and NADH reflect the
redox state of the cellular environment, and disruption of their
homeostasis likely impacts these metabolic pathways.

There have only been two publications to date examining the
redox ratio (NAD +/NADH) in SZ patients. One study exam-
ined the redox ratio in chronic and FE SZ patients [67¢], while
the other looked at FE and BD patients [44]. The consensus of
both studies was that both FE and chronic psychosis patients
showed a significant decrease in redox ratio. The FE patients
had more severe redox abnormalities than chronic patients,

suggesting an active process in the early illness [67¢]. The
decreased redox ratio found in FE and chronic SZ patients is
due to an increase in NADH levels with slightly decreased lev-
els of NAD +[44, 67¢]. Indeed, NADH can accumulate when
it is continuously produced by the TCA cycle and cannot be re-
oxidized through OxPhos [66]. Furthermore, the rise in NADH
suggests increased reductive stress in the cellular environment,
which can cause increased ROS production [68]. In combina-
tion with findings of increased lactate and reduced intracellular
pH, NADH accumulation and decreased redox ratio indicate a
shift away from OxPhos toward glycolysis, resulting in reduc-
tive stress. It is difficult to study the progression of SZ before
the first episode of psychosis, so rodent models have been used
to characterize the disorder’s early development. Although
decreased redox ratio in FE and chronic SZ patients points
to reductive stress, rodent models tell us that there may be an
increased redox ratio accompanied by oxidative stress during
adolescence [69, 70]. The same study also observed a reduction
in redox ratio during adulthood, consistent with our findings in
adult SZ patients [67¢]. Compensatory antioxidant responses
can maintain oxidative stress within normal physiological
ranges for a time [71] but may eventually reach a limit [55, 72,
73]. Then, ROS-producing metabolic processes will decrease,
and ROS production may fall below the normal range; this will
limit NAD +-dependent respiration and inhibit normal cellular
functions of ROS, such as cellular signaling [68, 74, 75].

Widespread Impacts of Metabolic
Dysfunction and Redox Dysregulation

Energy metabolism and redox state interact with other sys-
tems that show dysfunction in SZ, such as the excitatory-
inhibitory balance of neural circuitry maintained by glu-
tamatergic neurotransmission. A large body of evidence
suggests that glutamatergic neurotransmission and NMDAR
hypofunction are involved in SZ pathology—particularly
in cognitive dysfunction. NMDAR hypofunction can be
induced through both transient GSH deficits and changes
in redox balance [12]. This can suppress the PVIs that rely
on NMDARs to support properly functioning glutamater-
gic circuitry and create a hyper-glutamatergic state [76],
leading to excitotoxicity and oxidative stress. Additionally,
NMDAR hypofunction can cause greater redox imbalance
through transcriptional control of antioxidant genes [12],
creating a self-propagating cycle of NMDAR hypofunction.
There is also evidence for increased neuroinflammation in
SZ based on elevated plasma inflammatory biomarkers and
altered concentrations of myoinositol in vivo [55]. Impor-
tantly, several inflammatory mediators are activated by ROS,
and immune cells can induce the secretion of ROS [77]. The
details of glutamatergic transmission, NMDAR hypofunc-
tion, and neuroinflammation in SZ are out of the scope of
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this manuscript. However, 'H-MRS studies from our group
[76] and others, including a recent meta-analysis [78], con-
sistently show that glutamate (Glu) is elevated in never- or
minimally treated FE [79-81] but reduced in antipsychotic-
medicated FE [33, 82] and chronic SZ patients [78, 81, 83,
84]. A summary of metabolic alterations as SZ progresses
and a diagram of underlying molecular mechanisms in
chronic SZ are outlined in Figs. 1 and 2.

Taken together, the conceptual framework driven by the
preliminary data summarized above indicates: First, the ini-
tial active phase of SZ is characterized by redox dysregula-
tion and excessive glutamatergic neurotransmission. Second,
these two processes progressively become downregulated, or
“burn out,” as brain energy metabolism shifts from OxPhos
to glycolysis in chronic SZ, leading to a subsequent reduc-
tion in pH. The findings are consistent with a picture where
there is elevated Glu signaling early in the disease associated
with reduced ATP availability (indexed by the decreased CK
reaction rate and PCr/ATP ratio) and redox imbalance. With
disease progression, the brain responds by shifting from

OxPhos toward glycolysis, supported by the increased lac-
tate and reduced redox ratio in chronic SZ patients. This
compensatory response addresses two critical problems for
neuronal function seen in FE SZ patients: attenuating the
redox imbalance and returning ATP availability to normal.
The proposed shift to glycolysis in chronic SZ is reinforced
by the reports of altered electron transport chain activity
[15] associated with increased lactate/pyruvate ratios in
post-mortem SZ brains [28, 36] and in those at genetic high
risk for SZ, such as children with the 22q11.2 deletion syn-
drome [85, 86].

Finally, the research included in the current review has
shed light on these mechanisms in early-phase SZ and the
transition to chronic SZ, but most data we and others have col-
lected are limited to mid-life. Furthermore, little progress has
been made in understanding metabolic changes in older adults
with SZ, even though there is evidence for accelerated aging
of metabolic processes in the brains of SZ patients [87-89].
Thus, studying the evolution of energy-related metabolites in
mid- to late-life in SZ will be essential in the future.
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Fig. 1 Diagram of proposed metabolic abnormalities in chronic
schizophrenia. Multiple factors point to decreased OxPhos and
increased glycolysis in SZ patients. Broadly, glucose metabolism
in FE and chronic SZ patients is decreased, and there is a trend for
increased lactate concentration and decreased pH in the brains of
chronic SZ patients. Multiple metabolites involved in ATP synthe-
sis, storage, and consumption differ in SZ patients compared to con-
trols. The redox ratio (NAD +/NADH) is decreased in the mPFC of
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FE and chronic SZ patients compared to controls, mostly due to an
increase in NADH, pointing to a decrease in electron transport chain
activity. Additionally, the forward (ATP-producing) reaction rate of
creatine kinase is significantly lower in the mPFC of FE and chronic
SZ patients compared to controls. These abnormalities likely impair
redox homeostasis, increase redox stress, and impact the functioning
of high-energy neural circuitry
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Fig.2 Progression of metabolite levels from prodromal to chronic
sages of SZ. Vertical axis: the percent difference in metabolite level
between SZ and control groups. Horizontal axis: the illness phase
in chronological order from the prodrome to chronic SZ. A The
NAD +NADH ratio is decreased by 48% in FE and 38% in chronic
SZ patients [67®] compared to healthy controls. Rodent models indi-
cated that there may be an increased redox ratio during adolescence,
illustrated by the star in A. The PCr/ATP ratio seems a slight decrease
in FE but did not differ between SZ and HC groups. The forward
reaction rate of CK is significantly decreased by 15% in FE SZ [45¢],
which falls even further to 22% in chronic SZ [27¢®]. There is no dif-
ference in pH between FE and HC groups [44], while there is a small
but significant decrease in pH between chronic SZ patients and HC

[27e]. B The hypofunction of NMDAR receptors can be induced by
excess ROS, redox imbalance, and GSH deficits. This hypofunction
likely leads to elevated glutamate (Glu) during the early phase of
SZ, followed by a decrease in Glu due to excitotoxicity. C Hypoth-
esis for ROS and GSH levels over the course of SZ. Production of
ROS is likely high during the prodrome creating oxidative stress, and
production slows during the first-episode and chronic phases due to
compensatory mechanisms. GSH level may then increase during
the prodrome to compensate for high ROS levels but decreases as
the supply of GSH is used up and ROS production slows. Conflict-
ing GSH results reported in the literature may indicate fluctuations in
GSH concentrations over time. Note: o---experimental data from our
in vivo MRS measurements
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Potential Therapeutic Interventions

Numerous MRS findings, supported by preclinical research,
have pinpointed multiple systems that can be targeted for
therapeutic intervention: the brain’s antioxidant defense sys-
tem, redox state, and mitochondrial function. N-acetylcysteine
(NAC), a precursor to GSH, has been extensively studied as
an antioxidant therapy in SZ research [55, 90]. In FE psy-
chosis patients, NAC treatment has been shown to increase
brain GSH levels [91]. Some studies indicate that NAC could
improve neurocognition, reduce NMDAR-related mismatch
negativity, and reduce negative symptoms with long-term
use [55, 90]. Additionally, NAC has been found to improve
peripheral redox status in a subgroup of FE psychosis patients
with high serum oxidative stress levels [91]. NAD + supple-
ments and ketogenetic diet may also be able to rebalance the
redox ratio and have the potential to boost the TCA cycle and
OxPhos in FE and chronic SZ patients. While NAD + pre-
cursor molecules like nicotinamide riboside (NR) have not
been tested in humans with psychotic disorders, they have
shown promise in preclinical and some clinical studies for
cognitive dysfunction in other disorders with redox imbalance
[87, 92]. Therapies that target mitochondrial dysfunction have
also been explored. Mitochondrial-targeted antioxidants like
MitoQ can rescue miR-137 and COAX2 dysregulation that
leads to PVI impairments in an antioxidant-deficient rodent
model of SZ [56]. Since these impairments are also found in
a subgroup of FE SZ patients, MitoQ has potential for use as
a specialized treatment for mitochondrial impairment in SZ
[12]. In summary, molecules such as NAC and MitoQ, as well
as NAD + supplements, show potential for therapeutic inter-
vention in SZ by addressing oxidative stress, redox imbalance,
and mitochondrial dysfunction. Further research and clinical
trials are needed to explore their efficacy, safety, and use in
personalized treatment of SZ patients.

Conclusion

Although the literature is still limited, using MRS to study
the brains of SZ patients in vivo has provided insight into
the molecular mechanisms responsible for metabolic defi-
cits in SZ. This paper reviewed MRS findings related to pH
and lactate, the CK/PCr system, GSH, and redox dysregula-
tion. Generally, there is evidence for decreased OxPhos and
increased glycolysis, which is primarily present in chronic SZ.
First, the rate of CK action is significantly decreased in both
FE and chronic SZ. Second, there is a buildup of NADH in
both FE and chronic SZ and decreased NAD +/NADH ratio.
This could indicate normal pyruvate oxidation and/or TCA
cycle functioning without the ability to re-oxidize NADH to
NAD + during oxidative phosphorylation. Lastly, there is a

@ Springer

trend toward increased lactate and decreased pH in chronic
but not FE SZ patients, pointing to a shift toward glycolysis
in chronic SZ. These abnormalities have the potential to alter
various systems throughout the brains of SZ patients and may
serve as useful targets for therapeutic treatments in the future.
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