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Balance between the redox pair of nicotinamide adenine dinu-
cleotides (oxidized NAD+ and reduced NADH), reflects the
oxidative state of cells and the ability of biological systems to
carry out energy production. A growing body of evidence sug-
gests that an “immuno-oxidative” pathway including oxidative
stress, mitochondrial dysfunction, neuroinflammation, and
cell-mediated immune response may contribute to disruptions
in brain activity in schizophrenia (SZ). The aim of this study
is to assess possible redox imbalance in SZ patients by using a
novel in vivo 3'P MRS technique. The participants included 40
healthy controls, 21 chronic SZ, 13 first-episode (FE) SZ, and
18 FE bipolar disorder (BD) patients (as a psychiatric control
group). All participants initially underwent structural imag-
ing at a 3 Tesla (3 T) and *'P MRS measurements were per-
formed on a 4 T MR scanner. NAD+ and NADH components
were determined by nonlinear least-square fitting of the model
simulated spectra; these incorporated prior chemical shift and
coupling constant information to in vivo resonances obtained
from 3'P MRS experiments. We found a significant reduc-
tion in the NAD+/NADH ratio in chronically ill SZ patients
compared to a matched healthy control group, and in FE SZ
patients compared to both a matched FE BD patient group
and a matched healthy control group. These findings provide
evidence for redox imbalance in the brain in all phases of SZ,
potentially reflecting oxidative stress.
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Introduction

Despite its public health impact and a century of biologi-
cal research, the pathophysiology of schizophrenia (SZ)

remains poorly understood. There is an urgent need to
develop better insights into the neurobiology of SZ and to
develop novel treatments. Several lines of evidence suggest
SZ is associated with a range of biochemical brain abnor-
malities, including mitochondrial dysfunction,'? impaired
bioenergetics,* neuroinflammation,’® and oxidative stress.” '?

Nicotinamide adenine dinucleotide (NAD), which
exists in oxidized (NAD+) and reduced form (NADH)
has long been implicated in energy metabolism, reductive
biosynthesis, and antioxidant activity. While the major
biological function of NAD+ is to modulate cellular
energy metabolism, mounting evidence indicates that
NAD+ is also involved in biological activities such as cell
death,'>* calcium homeostasis,'>!® gene expression,'”!®
aging, carcinogenesis, and immunological functions.!>"
The redox balance indicated by the ratio of concentra-
tions of the redox pair NAD+ and NADH (Redox Ratio
[RR] = [NAD+])/[NADH)]) is critical to our understand-
ing of oxidative stress for several reasons®: First, the
redox pair of NAD+ and NADH are involved in criti-
cal roles for numerous oxidation-reduction reactions, and
their ratio reflects cellular reducing potential. A more
negative redox potential corresponds to a lower RR, indi-
cating lower oxidation power and higher oxidative stress.
Second, NAD+ kinases (NADKSs) are the sole enzymes
that convert NAD+ to nicotinamide adenine dinucleotide
phosphate (NADP+), which is the precursor for NADPH
(ie, reduced form of NADP). While NADKSs can be
inhibited by NADH and NADPH, oxidative stress can
activate NADKSs. Third, NADH may have direct antioxi-
dant effects.?!*> Lastly, NAD+ can inhibit the generation
of reactive oxygen species (ROS) from alpha-ketogluta-
rate dehydrogenase and pyruvate dehydrogenase.?
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Despite thecrucialrolesof NAD+and NADH (together
termed NAD metabolites), their noninvasive in vivo detec-
tion is extremely challenging. Only 2 general approaches
have been used thus far to investigate cellular NAD
metabolism: the first is based on biochemical analyses
such as high-performance liquid chromatography,* capil-
lary electrophoresis,® or enzymatic cycling assays.?® These
involve invasive techniques which preclude longitudinal
assessment of NAD contentinliving organs. Furthermore,
NAD+and/orNADHcontentmightbealteredduringsam-
ple preparation. The other approach is autofluorescence.
The drawback of this method is low detection sensitivity
of NADH signal from deep tissues due to limited penetra-
tiondepth. Moreover NAD+doesnotfluoresce.”’ Thus,one
cannot calculate RR in vivo using this approach. Given the
importance of NAD metabolisminliving organs, noninva-
siveinvivodetectionof NAD+and NADHsignalswouldbe
a critical advance.

In vivo *'P MRS provides a critical window into mem-
brane phospholipid metabolism and high-energy phos-
phate molecule dynamics. In addition to commonly
observed signals such as phosphocreatine (PCr), inor-
ganic phosphate (Pi), and the 3 adenosine triphosphate
(ATP) resonances, NAD signals have been identified.
However, because of low concentration of NAD metab-
olites (below 1 mM), these have previously been consid-
ered below the in vivo MRS detection limit. Recently,
a 3P MRS-based NAD quantification method has been
developed to directly quantify NAD+ and NADH con-
centrations in vivo at ultra-high field MR scanners (7.0
and 9.4 Tesla).?®® This method applied at a 4 Tesla (4
T) scanner was recently reported.*® This approach is
based on a theoretical NMR model with prior knowl-
edge (ie, chemical shift and J-coupling constants) to pre-
dict phosphorus NAD+ and NADH resonance signals.
Thus, both NAD+ and NADH signals were quantified
simultaneously by fitting the model simulated spectra to
in vivo resonances.

Here we implemented the P MRS-based NAD
quantification method at our 4 T scanner, then applied
this novel method in a clinical study. We investigate the
brain’s RR in SZ patients with chronic, well-established
illness and first-episode (FE) SZ patients who have not
been exposed to the confounding effects of chronic
medication treatment and chronic psychosis. We also
present data from a FE bipolar disorder (BD) cohort,
as a psychiatric control group. Based on the prior litera-
ture we hypothesized that we would find a more nega-
tive redox potential (ie, lower RR) in the brains of SZ
patients as direct evidence of oxidative stress. We did
not have a hypothesis on findings in FE vs chronic SZ
patients because the literature does not provide guid-
ance on whether oxidative stress would progress with
disease stage, or whether it may be more active in FE
SZ patients and abate with chronic illness.
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Methods

Participants

The participants included 40 healthy controls, 21 chronic
SZ, 13 FE SZ, and 18 FE BD patients. For the test-retest
study, 6 of these healthy participants were scanned twice
within a 1-week period. Informed consent was obtained
from all participants at study entry. The details of our
IRB-approved human participants procedures were pro-
vided in supplementary material. Details for participant
demographics are listed in supplementary table S1.

Magnetic Resonance Imaging and in vivo 3’ P MRS
Experiments

Each participant underwent structural imaging ata 3 T
Siemens scanner to rule out structural abnormalities. All
3'P MRS measurements were performed on a 4 T whole-
body scanner interfaced with Varian INOVA console
and *'P spectra were acquired from frontal lobe of brain
(supplementary figure S1). The data for chronic SZ and
matched healthy-controls were from spectra collected in
our previous study of creatine kinase (CK) and ATP syn-
thesis reaction rates* but now analyzed for an independent
unrelated characteristic (RR). Additional data (ie, FE SZ
and BD patients and age-matched healthy-controls) were
also acquired. Detailed time frame for data acquisition
is provided in supplementary material. For the unre-
lated purposes of the CK study, all *'P MRS data were
acquired with a magnetization transfer strategy (*'P-MT-
MRS), where we collected a series of *'P spectra (every
26 signal averages) in the absence (control) and presence
(6 series of spectra with varying saturation times) of a
saturating pulse train centered on the y-ATP frequency.
Since the saturation pulse train (bandwidth 180 Hz) has
no effect on the spectral region containing NAD+ and
NADH, which is ~400 Hz upfield of the y-ATP resonance
(supplementary figure S2), this data collection strategy
(C'"P-MT-MRS) could be used for NAD measurements
without loss of signal due to saturation pulses. Details of
the experiment have been published previously* and more
information was presented in supplementary material.

Voxel Segmentation

The volume fractions of different tissue types (gray/white
matter and cerebrospinal fluid) were calculated by seg-
menting T -weighted images acquired at 3 T; the percent-
age of different tissue types was extracted from the MRS
voxel by incorporating voxel information (voxel position,
size, orientation).

Spectral Processing, and NAD+ and NADH
Quantification

The raw free induction decay (FID) of 3'P MRS were zero-
filled to increase spectral resolution and 8-Hz line broadening
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was applied before Fourier transformation to increase signal-
to-noise ratio (SNR). After frequency drifts correction, we
summed all series of spectra (control + saturated, total 7
series of spectra) to achieve sufficient SNR. Then, the spec-
tra were phase and baseline corrected to ensure a symmetric
o-ATP peak. The SNRs of each resonance (PCr, a-ATP,
and NAD) were calculated by dividing the peak intensity
by the standard deviation (SD) of the noise. The chemical
shift assignment was done after setting PCr resonance at
—2.5ppm as chemical shift reference. All spectral processing
was conducted using in-house written MATLAB software.

For NAD+ and NADH quantification, we assumed
that the half line width (HLW) of NAD+ and NADH
resonances were the same. Fitting was performed on fre-
quency domain and the unknown parameters (ie, signal
intensities and HLW of a-ATP, NAD+, and NADH)
were determined using a nonlinear least-square fitting of
the model output to in vivo *'P resonances of NAD+,
NADH and a-ATP. More detailed descriptions can be
found in supplementary material. The fitting errors were
calculated by dividing SD of residual signal by mean
value of fitted signal. Intracellular RR was calculated
from the fitted peak area ratio of NAD+ and NADH.
In order to remain consistent with and compare to prior
reports, the concentrations of NAD+ and NADH were
determined using a-ATP signal as an internal reference,
in which its brain concentration was set to 2.8 mM.?$%

For the validity of our measurement, we summed all
spectra of individual participant in group of chronic SZ
and matched controls and the summed spectra were fitted
again. In this case, uridine diphosphate glucose (UDPG)
was also included in the fitting routine with published
values of chemical shift and coupling constant?®! to inden-
tify the potential contaminations of UDPG to NAD
content. However, for the fitting of individual spectra, we
neglected UDPG model because of the limited SNR of
this metabolite. The MRS data and voxel segmentation
were processed blind to diagnosis.

Statistical Analysis

RR was our primary outcome measure. We first car-
ried out an ANOVA comparing chronic SZ patients
with matched controls. Since visual inspection revealed
an unusual reduction in RR among the younger partici-
pants, we then carried out an ANOVA comparing the FE
SZ patients to an age-matched group of healthy controls
and a group of FE BD patients (post hoc Dunnett, using
FE SZ as the group of interest). Finally, we compared
the FE SZ group to the group of chronic SZ patients in
an ANOVA. All ANOVAs used age as covariate. We con-
sidered 2-tailed P values lower than .0167 (=0.05/3 for
3 ANOVAs) as statistically significant. Furthermore, we
compared RR in a small subgroup of patients not tak-
ing antipsychotic medication (N = 6) with RR in patients
taking these medications (supplementary table S1).

Redox Dysregulation in Schizophrenia

We next computed correlation coefficients in order
to assess the relationship between demographic/clinical
parameters and RR. These included the whole sample for,
body mass index (BMI) and, education; and the SZ patient
sample for Positive and Negative Syndrome Scale (PANSS)
and other symptom scales, Chlorpromazine (CPZ) equiva-
lents, age at onset, illness duration (details in supplemen-
tary table S1). A large number of correlation analyses
were performed on an exploratory basis; we considered a
Pearson’s R value greater than 0.300 uncorrected for mul-
tiple comparisons as statistically and clinically significant.

Results

Validation of NAD Measures

Given NAD+ is structurally similar to NADH (supplemen-
tary figure S3a) with similar *'P NMR properties, we carried
out a series of studies characterizing the technical approach:
demonstration of excellent agreement between simulated
and experimentally measured in vitro *'P spectra to vali-
date model accuracy (supplementary figures S3b and S3c¢);
Monte Carlo simulations with different SNR of a-ATP to
demonstrate excellent fitting accuracy for our chosen thresh-
old of SNR > 40 for processing in vivo data (supplementary
figures S4a and S4b) and to demonstrate discrimination of
patient and healthy control RR values (supplementary fig-
ure S4c¢); demonstration that HLW of a-ATP lower than 18
Hz in our in vivo data (after 8 Hz line broadening) provides
excellent fitting accuracy without severely overlapping reso-
nances with NAD (supplementary figure S5); the absence
of impact of line broadening on in vivo data during post-
processing (carried out to enhance SNR) (supplementary
figure S6); fitting of spectra with and without NADH in the
model along with a-ATP and NAD+ to demonstrate the
validity of the NADH fit (supplementary figure S7); and
demonstration of excellent reliability in vivo through a test—
retest study of 6 healthy participants scanned twice within
1 week (coefficient of variation for RR = 1.7%). The details
are provided in supplementary material.

In vivo NAD+ and NADH Quantification in SZ
Patients at 4 T

The demographic and clinical characteristics of all par-
ticipants are provided in supplementary table S1. The FE
SZ group is not matched with controls for sex; we there-
fore tested for but found no sex effect on RR among all
healthy participants (#(39) = —0.366, P = .717).

Figure la presents *'P spectra acquired from a healthy
control (top) and a chronic SZ patient (bottom). The
average SNR of PCr, a-ATP, and total NAD resonances
(NAD+ and NADH), and HLW of PCr and a-ATP
obtained from fitting procedures were not significantly dif-
ferent among the groups (P > .05; detailed parameters are
listed in supplementary table S2). Figure 1b shows a magni-
fied version of the relevant spectral region (stippled green
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box in figure 1a) with NAD+ and NADH fitting results and
residual signal from the same participants. Overall fitting
error was less than 5% and comparable between groups.

To test our a priori hypothesis, we first analyzed data
from chronic SZ patients and matched healthy controls.
Figure 2 (top panel) shows RR was significantly reduced by
38% in chronic SZ (F(1,40) = 42.7, P < .001). This finding
was driven by a 53% NADH elevation in chronic SZ with no
significant change in NAD+ (figure 2 and supplementary
table S3). To investigate whether this significant abnormal-
ity is found in other phases of the illness, we collected data
from FE SZ patients (N = 13) and age-matched (ie, young)
controls (N = 20), as well as FE BD patients (N = 18; a

PCr

""I NAD+

PDE !

i NADH B-ATP

psychiatric control group which receives similar treatments
as SZ). Figure 2 (bottom panel) displays in vivo NAD+,
NADH, and RR data in these 3 groups. Analysis revealed
a significant difference in RR (£(2,48) = 25.5, P < .001).
In post hoc testing, FE SZ patients had a highly signifi-
cant 48% reduction in RR compared with healthy controls
(Dunnett P <.001), as well as a more modest 23% reduction
compared with FE BD patients (Dunnett P = .032). Again
this pattern was driven by the elevated NADH without
abnormalities in NAD+ (supplementary table S3). The FE
SZ group also had 15% lower RR compared with chronic
SZ, adjusting for age (F(2,31) = 21.9, P < .001). We found
no correlations between RR and demographic (other than
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age) and clinical variables, which included CPZ equivalents
(measure of antipsychotic dose) and tobacco smoking.

To provide a demonstration of NAD abnormalities
independent of the fitting procedure and without other
metabolite contributions (eg, UDPG), we summed indi-
vidual participant spectra for the group of chronic SZ
and matched controls, respectively, after normalization
of peak intensity to a-ATP (internal reference) and spec-
tral frequency alignment using a previously described
algorithm (icoshift).? Figure 3 shows summed spectra in
range of —7 ppm and —22 ppm and the difference between
them (figure 3a) as well as the fit results including UDPG
resonances (figures 3b and 3c), clearly demonstrating an
elevated NADH signal at —10.63 ppm in chronic SZ com-
pared to controls, without an apparent difference in the
resonances of NAD+ and UDPG.

Subgroup Analysis of Medication Effects

We found that there were no significant differences in
RR between patients taking antipsychotic medications
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Fig. 3. The summed spectra for healthy control and chronic
schizophrenia (SZ) groups and the difference between them (a) as
well as the fit results (b and c¢). The difference spectra and fitted
Uridine diphosphate glucose (UDPG) signal are scaled by factor
of 2.
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or lithium and those who were not (P > .05). Details are
provided in supplementary material.

Voxel Segmentation

The voxel segmentation results revealed that there were
no significant differences in voxel composition (ie, gray/
white matter, CSF, muscle, and bone) across the groups.
The detailed voxel compositions in each group are pro-
vided in supplementary table S3.

Age-Dependent Intracellular Redox State Changes

NAD measures and RR show strong age-dependence in
healthy individuals.? NADH and RR for SZ and healthy
participants are plotted against age in figures 4a and 4b,
demonstrating replication of RR decline in healthy par-
ticipants® and an extension of this finding to SZ patients.
In addition, the younger participants have lower RR than
older ones, apparently reversing the age-dependent trend.
This finding requires further investigation in children and
adolescents.

Discussion

In this study, we carried out a substantial amount of
work to demonstrate the feasibility of a *'P MRS-based
in vivo intracellular redox state quantification technique
at 4 T. Detailed discussion about our methods can be
found in supplementary material. We then applied this
novel method to investigate redox state in the frontal lobe
of chronic and FE SZ, as well as FE BD patients. We
found evidence for striking RR reductions in SZ, with
every chronic SZ patient showing an RR of at least 1
SD below the control mean. RR reduction was of even
greater magnitude among FE SZ patients. This study
illustrates the power of examining in vivo brain redox
dysregulation (measured as RR) in psychiatric disorders.
Consistent with evidence from other studies, our findings
suggest brain oxidative stress and altered energy produc-
tion in SZ.% 3335 Since RR can affect numerous critical
enzymatic reactions, our findings for reduced RR in both
FE and chronic SZ patients provide an important new
insight into the pathophysiology of this major psychiatric
condition.

The redox pair of NAD+/NADH lies at the intersec-
tion of multiple critical biochemical pathways within
cells. Figure 5 shows the metabolic pathways involv-
ing the NAD+/NADH redox pair in the cytosol and
mitochondria. In the brain, most NADH molecules are
produced from NAD+ during glycolysis in the cytosol
(2 NADH per glucose), pyruvate decarboxylation (2
NADH per glucose), and the tricarboxylic acid (TCA)
cycle (6 NADH per glucose) in mitochondria. The
NADH molecules are converted back to NAD+ in the
mitochondrial electron transport chain (ETC). Thus,
RR is closely linked with brain carbohydrate metabolism
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Fig. 5. Diagram of metabolic pathways involving NAD+ and
NADH redox reactions. Oxidative stress can induce redox
imbalance in either cytosolic and/or mitochondria compartment,
leading to mitochondrial dysfunction. The elevated NADH
levels in patients with schizophrenia (SZ) can arise from

either abnormal elevation in glycolysis in the cytosol, or
disruption/inefficiency in the electron transport chain (ETC) of
mitochondria, or both.

and the balance between glycolysis and oxidative phos-
phorylation.”” Mitochondrial dysfunction can also con-
tribute to abnormal RR independent of glycolysis. The
regeneration of NAD+ in the ETC takes place in par-
ticular at the mitochondrial complex I. Expression of this
complex is significantly reduced in SZ.*¢37 Importantly,
the ETC is also the site of generation of ROS in cells
due to escape of unpaired electrons during oxidation
reactions. Therefore, inefficient ETC activity would
cause both NADH build-up and oxidative stress. Taken
together, reduced RR in SZ can arise from a global shift
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from oxidative phosphorylation to glycolysis as the main
source of ATP generation, or from abnormalities specifi-
cally in oxidative phosphorylation in mitochondria, or
most likely both. These processes would lead to reduc-
tion in the number of ATP molecules and elevation in the
number of ROSs generated per each molecule of glucose
that is oxidized.

The significance of NAD metabolites (including
NAD+ and NADH) goes beyond carbohydrate metabo-
lism, however, since they are fundamental mediators for
antioxidant defenses and therefore generation of oxida-
tive stress. All major metabolic pathways including gly-
colysis, TCA cycle, respiratory chain, fatty acid oxidation
as well as ketone body metabolism rely on redox reactions
for which NAD+ is the most important co-substrate.
Thus, the NAD+/NADH redox state is likely to impact
flux through these metabolic pathways and vice versa.
Sirtuins, a class of proteins involved in aging and stress
damage, are NAD+ dependent, further highlighting the
NAD metabolites’ critical role in cells.*® Interestingly, the
brain is a major target for oxidative reactions, especially
due to high amounts of oxidizable substrates, high oxy-
gen tension, and relatively low antioxidant capacity.**4
Our finding of reduced brain RR in SZ therefore suggests
that the fragile balance of oxidation-reduction balance is
disrupted in favor of oxidation in this condition.

There are additional points that should be noted.
First, the redox state of cells is established by NADP+/
NADPH and reduced glutathione (GSH)/oxidized glu-
tathione (GSSG) in addition to NAD+/NADH and all
3 redox pairs are related.?>** For instance, NAD+ is
the substrate for the synthesis of NADP+ and NADP+
can be hydrolyzed to NAD+.* Thus, alterations of
the redox state of one of these redox pairs will also
impact the others. RR reduction could reflect upstream
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perturbances in other metabolites.**** The intracellular
concentrations of NADP+ and NADPH are low (~10%)
compared with NAD+ and NADH, suggesting that our
observed *'P signal from NAD groups is mainly attrib-
uted to NAD+ and NADH.# It is generally accepted
that NAD+/NADH is the predominant index of redox
state.*® Therefore, RR still represents a useful index
capturing oxidative stress in the brain in SZ even if it
reflects abnormalities in other redox pairs. Given that
neuroinflammation is associated with oxidative stress
and downstream effects on antioxidants such as gluta-
thione (GSH), it would be helpful to measure periph-
eral inflammation and/or in vivo GSH levels in order
to better understand redox abnormality observed in this
study. Second, we cannot rule out medication effects on
RR because most patients who participated in this study
were taking some medication. RR reduction was greater
in the FE SZ patients than in the chronic SZ group even
though the former had 60% lower CPZ equivalents. In
addition, patients who were taking antipsychotic medi-
cations or lithium showed no significant difference in
RR compared to those who were not, suggesting medi-
cation effects do not account for our findings. Lastly,
figures 3b and 3c show that even including UDPG in
spectral fitting, we can clearly identify increased NADH
concentration and decreased RR and no significant dif-
ferences in the concentrations of NAD+ and UDPG.
All of these observations are consistent with our results
derived from individual subject measurements indicat-
ing that the contamination from UDPG signal may
not impact our findings. Of note, reported NAD+ and
NADH concentrations differ somewhat depending on
whether UDPG is included in the fitting (figures 3b and
3¢ and supplementary table S3).

In summary, using a noninvasive MR-based in vivo
NAD assay, we provide direct evidence of redox abnor-
malities in a common and severe psychiatric disorder.
We also find that FE SZ patients had more severe redox
abnormalities compared with chronic patients, suggest-
ing an active process in early stages of illness. This is
partially improved in chronic illness, perhaps as a result
of medication treatment. RR is influenced by multiple
cellular signaling events and may constitute a metabolic
integrator for local metabolic status within brain cells.
The redox state is a key parameter in biological systems
and oxidative stress may have widespread downstream
effects on the brain, including on synaptic function and
plasticity, as well as energy homeostasis. Therefore, our
work provides new insights into the pathophysiology of
SZ, as well as a biomarker for tracking the impact of
treatment interventions.
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Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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