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Abstract 

Background: There is now evidence that schizophrenia and deficit schizophrenia are neuro-

immune conditions and that oxidative stress toxicity (OSTOX) may play a pathophysiological role. 

Aims of the study: To compare OSTOX biomarkers and antioxidant (ANTIOX) defenses in deficit 

versus non-deficit schizophrenia. 

Methods: We examined lipid hydroperoxides (LOOH), malondialdehyde (MDA), advanced 

oxidation protein products (AOPP), sulfhydryl (-SH) groups, paraoxonase 1 (PON1) activity and 

PON1 Q192R genotypes, total radical-trapping antioxidant parameter (TRAP) as well as immune 

biomarkers in patients with deficit (n=40) and non-deficit (n=40) schizophrenia and healthy 

controls (n=40).   

Results: Deficit schizophrenia is characterized by significantly increased levels of AOPP and 

lowered -SH, and PON1 activity, while no changes in the OSTOX/ANTIOX biomarkers were 

found in non-deficit schizophrenia. An increased OSTOX/ANTIOX ratio was significantly 

associated with deficit versus non-deficit schizophrenia (Odds ratio=3.15, p<0.001). Partial least 

squares analysis showed that 47.6% of the variance in a latent vector extracted from psychosis, 

excitation, hostility, mannerism, negative symptoms, psychomotor retardation, formal thought 

disorders, and neurocognitive test scores was explained by LOOH+AOPP, PON1 genotype + 

activity, CCL11, tumor necrosis factor (TNF)-α, IgA responses to neurotoxic tryptophan 

catabolites (TRYCATs), whereas -SH groups and IgM responses to MDA showed indirect effects 

mediated by OSTOX and neuro-immune biomarkers. 

Discussion: Our findings indicate that with increasing overall severity of schizophrenia, neuro-

immune and neuro-oxidative (especially protein oxidation indicating chlorinative stress) toxicities 

become more prominent and together with lowered antioxidant defenses and impairments in innate 
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immunity-associated resilience against neurotoxic processes shape a distinct nosological entity, 

namely deficit schizophrenia.  

 

 

Keywords: oxidative stress, antioxidants, biomarkers, deficit schizophrenia, inflammation, 

cytokines, neuro-immune 
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Introduction 

The first comprehensive neuro-immune hypothesis of schizophrenia was published in 1995 

[1] as the macrophage-T lymphocyte theory suggesting that activated M1 macrophage and T helper 

(Th)-1 immunocytes are activated through multiple hits (e.g. maternal infections or later hits in 

adulthood) leading to neurodevelopmental disorders and (neuro)inflammatory responses with 

activation of nitro-oxidative stress and the tryptophan catabolite (TRYCAT) pathways ultimately 

contributing to the onset of schizophrenia [1]. The first publication that schizophrenia is 

accompanied by a peripheral inflammatory process followed in 1997 reporting increased levels of 

acute phase proteins (APPS), including haptoglobin (Hp), and complement factors, which coupled 

with increased pro-inflammatory cytokines indicate inflammation [2]. 

In 2019, we reviewed the many neuro-immune findings in schizophrenia and its 

phenotypes and conceptualized schizophrenia as a complex neuro-immune disorder with activated 

IRS (immune-inflammatory response system) and CIRS (compensatory immune-regulatory 

system) pathways [3]. Increased IRS activity is demonstrated by activated M1 macrophage, Th-1, 

Th-2 and Th-17 phenotypes with increased levels of pro-inflammatory cytokines including 

interleukin (IL)-1β and the soluble IL-1 receptor antagonist (sIL-1RA) (indicating increased IL-1 

signaling), IL-6 and its soluble IL-6 receptor (sIL-6R) (indicating increased IL-6 trans-signaling), 

increased tumor necrosis factor-α (TNF-α) and its soluble receptors sTNF-R1 and sTNF-R2 

(indicating increased TNF signaling), IL-17, IL-4, IL-13 and chemokines including CCL2 and 

CCL11, and TRYCAT levels [3]. The CIRS is defined as the aggregate of all immune-regulatory 

phenotypes and anti-inflammatory mechanisms that tend to attenuate the primary IRS and its 

presence in schizophrenia is indicated by increased levels of sIL-1RA (inhibiting IL-1 signaling), 

sTNF-R1 and sTNF-R2 (inhibiting TNF signaling), Th-2 cytokines including IL-4 (inhibiting M1 
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and Th-1 phenotypes), T regulatory cytokines including IL-10, some APPs, including Hp, and 

some TRYCATs [3]. 

The same IRS/CIRS theory proposed that the combined neurotoxic effects of IRS/CIRS 

products such as IL-1β, IL-6, IL-4, TNF-α, CCL2, CCL11, and TRYCATs may cause 

neuroprogression (damage to neuronal functions including neuroplasticity, synaptic sampling, 

neurogenesis, neurotransmission and apoptotic processes) thereby inducing impairments in 

episodic and semantic memory and executive functions and schizophrenia symptom domains 

including psychosis, hostility, excitation, mannerism and negative (PHEMN) symptoms, 

psychomotor retardation and formal thought disorders [3-6].  

While different schizophrenia subtypes (including first-episode psychosis, acute 

schizophrenic episodes, and chronic schizophrenia) show activated IRS and CIRS pathways, one 

of the subtypes, namely deficit schizophrenia, is characterized by an overwhelmingly activated 

IRS coupled with severe deficits in CIRS functions [7-11]. The latter phenotype is characterized 

(as compared with non-deficit schizophrenia and healthy controls) by increased neurotoxicity 

through elevated IL-1β, TNF-α and CCL11 levels, and signs of breakdown of gut-paracellular and 

vascular pathways as well as the blood-brain-barrier, increased bacterial translocation with 

increased IgA/IgM levels to LPS of Gram-negative bacteria, and increased IgA responses to 

neurotoxic TRYCATs including picolinic and xanthurenic acid [4,6,9,11-13]. Moreover, deficit 

schizophrenia is also characterized by severe deficits in the CIRS including a) lowered natural 

IgM-mediated responses to multiple oxidative specific epitopes (OSEs) especially 

malondialdehyde and azelaic acid [10], which are produced by innate-like B1 and marginal zone 

B cells and, as a component of the innate immune system, have anti-inflammatory, housekeeping 

anti-bacterial functions [10,14]; b) lowered IgM responses to TRYCATs [15], and c) lowered 
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activity of paraoxonase 1 (PON1) activity, a strong antioxidant enzyme that is part of innate 

immunity and has anti-inflammatory and anti-bacterial activities [16]. As such deficit 

schizophrenia it to a large extent mediated by IRS-mediated neurotoxicity, which if fueled by an 

impaired resilience of the innate immune system. 

Immune activation is frequently accompanied by increased oxidative stress (OS) and 

lowered levels of antioxidants [17]. For example, schizophrenia is accompanied by increased 

biomarkers of lipid peroxidation including MDA, and LOOH (lipid hydroperoxides), increased 

nitrite levels, and decreased levels of antioxidants like glutathione peroxidase and PON1 activity 

[18-20]. Early and later stages of schizophrenia are accompanied by signs of lipid peroxidation 

and protein oxidation as measured with protein carbonyls [21]. Nevertheless, there are also 

negative studies. For example, in patients with first-episode psychosis no significant changes were 

found in serum peroxides, total antioxidant capacity (TAC) and oxidative stress index [22]. In 

chronic schizophrenia, no significant changes could be observed in LOOH, PON1 activity, nitric 

oxide metabolites (NOx), total radical-trapping antioxidant parameter (TRAP) and advanced 

oxidation protein products (AOPP) [23]. Recent meta-analyses showed increased signs of 

oxidative stress, including increased MDA and NO, and a lowered total antioxidant status 

including lowered levels of specific antioxidants including the glutathione in plasma and brain 

although not all studies could detect such differences [24-29]. Such differences may be explained 

by sample characteristics such as clinical features and staging of illness. In this respect we already 

published that two strong antioxidant systems, namely IgM to MDA and PON1 enzyme activity, 

are significantly lowered in deficit versus non-deficit schizophrenia suggesting that lowered 

antioxidant defenses and, consequently, increased oxidative stress may be a hallmark of deficit 
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rather than of non-deficit schizophrenia. However, no previous research effort has examined a 

comprehensive set of O&NS biomarkers in deficit versus non-deficit schizophrenia. 

Thus, the aim of the current study was to delineate a more comprehensive set of O&NS 

biomarkers in deficit schizophrenia as compared with non-deficit schizophrenia and healthy 

controls, including TRAP, PON1 activity, LOOH, MDA, AOPP and -SH groups (thiols or 

sulfhydryl groups). Moreover, we also examined whether these O&NS biomarkers together with 

IgM response to MDA are associated with the phenome of schizophrenia (neurocognitive test 

results and symptom domains) and whether O&NS have an effect on the phenome of schizophrenia 

above and beyond the effects of the established biomarkers of deficit schizophrenia including IL-

6, IL-4, TNF-α, CCL11, IgA directed to neurotoxic TRYCATs and IgA directed to LPS of Gram-

negative bacteria). 

 

Subjects and Methods 

Participants 

 This study we enrolled 120 participants, namely 80 patients with schizophrenia and 40 

healthy controls. All participants were Thai nationals, aged 18-65 years old and of both sexes. All 

patients were outpatients admitted to the Department of Psychiatry, Faculty of Medicine, 

Chulalongkorn University, Bangkok, Thailand. They complied with the axis-I DSM-IV-TR 

diagnostic criteria of schizophrenia (Diagnostic and Statistical Manual of Mental Disorders, Fourth 

Edition Text Revision). All patients were free of psychotic flare-ups for one year and were 

stabilized for at least one year. The diagnostic criteria of the Schedule for Deficit Schizophrenia 

(SDS) [30] were used to divide the patients into those with and without deficit schizophrenia. The 

healthy controls were recruited by word of mouth from the same catchment area, Bangkok, 
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Thailand. Patients were excluded for a current or lifetime diagnosis of axis I disorders other than 

schizophrenia including major depressive episode, generalized anxiety disorder, bipolar disorder, 

autism spectrum disorders, schizoaffective disorder, and substance use disorders (except tobacco 

use disorder). We omitted healthy controls when they showed a lifetime or current diagnosis of 

axis I DSM-IV-TR disorders or a positive family history of psychosis. Patients and controls were 

excluded when they showed a) medical diseases including chronic obstructive pulmonary disease, 

diabetes type 1, inflammatory bowel disease, psoriasis, and rheumatoid arthritis; b) 

neuroinflammatory and neurodegenerative disease including multiple sclerosis, stroke, and 

Parkinson’s disease; c) any use (lifetime) of immunomodulatory drugs including 

immuosuppressiva and glucocorticoids; and d) use of therapeutic doses of ω3-polyunsaturated 

fatty acids and antioxidants six months prior to the study.  

All participants, as well as the guardians of patients (parents or other close family 

members) provided written informed consent to take part in the study. Approval for the study was 

obtained from the Institutional Review Board of the Faculty of Medicine, Chulalongkorn 

University, Bangkok, Thailand (No 298/57), which is in compliance with the International 

Guideline for Human Research protection as required by the Declaration of Helsinki, The Belmont 

Report, CIOMS Guideline and International Conference on Harmonization on Good Clinical 

Practice (ICH-GCP). 

 

Clinical assessments 

Using a semi-structured interview, we collected socio-demographic and clinical data 

including medical and psychiatric history, age at onset, duration of illness, and family history of 

schizophrenia. The diagnosis of schizophrenia was made using the Mini-International 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2020                   doi:10.20944/preprints202005.0145.v1

https://doi.org/10.20944/preprints202005.0145.v1


10 

 

Neuropsychiatric Interview (M.I.N.I.) in a validated Thai translation [31]. Negative symptoms 

were assessed using the negative subscale of the Positive and Negative Syndrome Scale (PANSS) 

[32], the Scale for the Assessment of Negative Symptoms (SANS) [33], and the SDS scale [30]. 

We also assessed the Brief Psychiatric Rating Scale [34], and the Hamilton Depression Rating 

Scale [35] scores in order to compute z unit-weighted composite scores reflecting psychosis, 

hostility, excitation and mannerism (PHEM), psychomotor retardation (PMR) and formal thought 

disorders (FTD) as explained previously [4-6,9,36]. The same day, a well-trained master in mental 

health assessed The Consortium to Establish a Registry for Alzheimer's Disease (CERAD)-

Neuropsychological [37] and the Cambridge Neuropsychological Test Automated Battery 

(CANTAB) [38] tests in order to estimate executive functions. The CERAD tests employed in this 

study were: a) Word List Memory (WLM) to probe verbal episodic memory and working memory 

for verbal information; b) Word List Recall, True Recall (True Recall) to probe verbal episodic 

memory–recall, and c) Verbal Fluency Test (VFT) to assess fluency, language, cognitive 

flexibility, and semantic memory. The Mini-Mental State Examination (MMSE) was used to 

assess overall neuropsychological functioning by testing naming, orientation, concentration, 

memory, and constructional praxis. We used three CANTAB probes to compute an index of 

executive functions, namely spatial working memory (SWM) between errors and SWM strategy, 

which probe task strategy used by the central executive, executive working memory ability, self-

monitoring ability, and maintenance of data in the visuospatial sketchpad; and the one touch 

stockings of Cambridge probability solved on first choice, which probes spatial planning. 

Consequently, we extracted the first principal component of these three tests scores, which 

explained 81.7% of the variance, and is therefore an indicant of executive functions [9]. DSM-IV-
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TR criteria were employed to diagnose tobacco use disorder (TUD). Body mass index (BMI) was 

computed as body weight (kg) / length (m2).  

 

Assays 

We sampled blood at 8:00 a.m. after an overnight fast and serum was frozen at −80 °C until 

thawed for assay of OS biomarkers including -SH groups, TRAP, PON1 CMPAase activity and 

PON1 Q192R genotypes, LOOH, MDA, and AOPP. The methods for these assays were described 

previously as: “AOPP was quantified in a microplate reader (EnSpire, Perkin Elmer, USA) at a 

wavelength of 340 nm [39] and is expressed in mM of equivalent chloramine T. LOOH was 

quantified by chemiluminescence in a Glomax Luminometer (TD 20/20), in the dark, at 30 °C for 

60 min [40,41]  and the results are expressed in relative light units (RLU). NOx was assessed in a 

microplate reader (EnSpire®, Perkin Elmer, USA) at a wavelength of 545 nm by measuring the 

concentration of nitrite and nitrate [42] and results are expressed as μM. TRAP was evaluated in a 

microplate reader (Victor X-3, Perkin Elmer, USA) and results are expressed in µM Trolox [43]. 

-SH groups were evaluated in a microplate reader (EnSpire®, Perkin Elmer, USA) at a wavelength 

of 412 nm and results are expressed in μM [44,45]. The methods to assay PON1 enzymatic 

activities were explained previously [16], namely “to stratify individuals in the functional 

genotypes of the PON1 Q192R polymorphism (QQ, QR, and RR), the substrates used were phenyl 

acetate (PA, Sigma, USA) under high salt condition and 4-(chloromethyl)phenyl acetate (CMPA, 

Sigma, USA), which is an alternative to the use of the toxic paraoxon. PON1 activities were 

determined by the rate of hydrolysis of CMPA (CMPAase, which is influenced by the PON1 

Q192R polymorphism) as well as by the rate hydrolysis of phenyl acetate under low salt condition 

(AREase, which is less influenced by the PON1 Q192R polymorphism). Analysis were conducted 
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in a microplate reader (EnSpire, Perkin Elmer, USA) [46]. Although the PON1 Q192R genotypes 

were assayed, those data yielded non-significant results and as such the data are not presented here. 

Nevertheless, the genotypes were added as covariates in the different analyses [16]. The intra-

assay coefficients of variation were <10% for all O&NS analytes”. Consequently, we computed 3 

z unit-weighted composite scores, namely: 

3OSTOX: sum of z LOOH + z MDA + z AOPP, reflecting oxidative stress toxicity  

3ANTIOX: sum of  z CMPAase + z SH groups + z TRAP, reflecting antioxidant defenses 

3OSTOX/3ANTIOX: z 3OSTOX – z 3ANTIOX, reflecting the oxidative stress 

toxicity/antioxidant ratio. 

TNF-α, IL-6 and CCL11 (R&D Systems, Inc, Minneapolis, MN, USA) were measured 

using the Bio-Plex® 200 System (Bio-Rad Laboratories, Inc.) as described previously [9,11]. IgM 

levels directed to conjugated MDA were assayed using an indirect enzyme-linked immunosorbent 

assay as described previously [10]. IgA levels to xanthurenic acid (XA), picolinic acid (PA), 3-

OH-kynurenine (3OHK), anthranilic acid (AA) and kynurenic acid (KA) were assayed using 

ELISA tests and optical densities (ODs) were measured at 450 nm using Varioskan Flash (Thermo 

Scientific) as described previously [7]. A z unit-weighted composite score reflecting the ratio of 

neurotoxic TRYCATs / more protective TRYCATs (NOX/PRO ratio) was computed as zIgA to 

XA (zXA) + zPA + zOHK – zAA – zKA [7]. All assays were carried out in duplicate and in one 

and the same run performed by the same operator who was blinded to clinical results. The 

analytical intra-assays CV values were < 7% for all analytes. ). Consequently, we computed 3 

more z unit weighted based composite scores, namely: 

4PRORESIL: sum of  z CMPAase + z SH groups + z TRAP + IgM to MDA, reflecting protective 

resilience against neuro-immune, neuro-oxidative and bacterial stressors. 
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8 MITOTOX: sum of z LOOH + z MDA + z AOPP + z TNF-α + z IL-6 + z CCL11 + z IgA to 

TRYCATs + z IgA to LPS, reflecting multiple immune and oxidative toxicities. 

8MITOTOX/4PRORESIL: z 8MITOTOX – z 4PRORESIL, reflecting the ratio between multiple 

immune and oxidative toxicities and protective resilience. 

  

Statistical analysis 

Analysis of contingency tables (χ2-tests) was employed to check associations between 

nominal variables and analysis of variance (ANOVA) to check differences in continuous variables 

between categories. We also show Boxplots, which indicate minimum, Q1, median, Q3 and 

maximum values, out-values (shown as circles) and far-out or extreme values (shown as stars). 

Univariate and multivariate GLM analysis was employed to delineate the associations between OS 

biomarkers and diagnosis while adjusting for background variables (e.g. age, sex, BMI, drug 

status, TUD). Protected pair-wise comparisons among treatment means were used to check 

variables between patients with and without deficit schizophrenia and healthy controls. When 

performing multiple comparisons, we used the false-discovery rate (FDR) procedure to control 

type I errors [48]. We used automatic stepwise binary logistic regression analysis to assess the 

biomarkers that significantly predict deficit schizophrenia while allowing for the possible effects 

of background variables. Automatic stepwise multiple regression analysis was used to delineate 

the biomarker set (entered as explanatory variables) that best predicted cognitive test scores and 

schizophrenia symptom domains while allowing for the intervening effects of the background 

variables. Results of multivariable regression analysis are checked for multicollinearity employing 

the collinearity diagnostics tolerance and VIF. Moreover, all results of logistic or multiple 

regression analyses are bootstrapped (5000 samples) and bootstrapped results are shown if 
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different. All tests are two-tailed and a p-value of 0.05 is used for statistical significance. We used 

IBM SPSS 25 windows version to analyze the data. 

Partial Least Squares (PLS) path structural equation modeling (SmartPLS) [49] was used 

to delineate the causal paths from the OS biomarkers (entered as single indicators and input 

variables) predicting a latent vector (LV) extracted from the symptom domains and cognitive test 

results (entered as output variables in a reflective model), labeled as OSOS (overall severity of 

schizophrenia). Age, sex and education were entered as additional input indicators predicting the 

OSOS LV. Complete PLS path analysis was conducted using 5000 bootstrap samples when the 

outer and inner model complied with prespecified quality data, namely a) the loadings on the LV 

are all > 0.600 (p<0.001); b) the OSOS LV shows an average variance extracted (AVE) > 0.500), 

good composite reliability > 0.7, Cronbach’s alpha > 0.7, and rho_A > 0.8; c) the model fit is 

adequate with SRMR < 0.080; and d)  the construct crossvalidated redundancies are adequate [49]. 

Consequently, complete PLS path modelling is performed to compute path coefficients with exact 

p-values as well as direct and indirect effects. Confirmatory Tetrad analysis (CTA) is performed 

to evaluate whether the reflective model of the OSOS LV is not mis-specified [49]. 

 

Results. 

Socio-demographic data 

Table 1 shows the socio-demographic, clinical and biomarker data in healthy controls and 

schizophrenia patients with and without increased oxidative stress toxicity (OSTOX), 

dichotomized using the median-split method. There were no significant differences in age, marital 

status, BMI, education, and TUD between the three study groups. There were somewhat more 

males in schizophrenia than in controls. There were no significant differences in illness duration 
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and age at onset between the two schizophrenia subgroups. Table 1 shows also the symptom 

domains in the three study groups. The SANS, PANSS negative, psychosis, excitement, 

mannerism, FTD, and PMR scores were significantly different between the three subgroups and 

increased from controls → schizophrenia with lower OS → schizophrenia with higher OS. 

Hostility was significantly increased in schizophrenia relative to controls. These differences 

remained significant after FDR p-correction. 

The same table also shows the neurocognitive test results. MMSE, VFT, WLM and True 

recall scores were significantly different between the three study groups and decreased from 

controls → schizophrenia with lower OS → schizophrenia with higher OS. Executive functions 

were significantly lower in schizophrenia than in controls. These differences remained significant 

after FDR p-correction. Table 1 shows also the outcome of GLM analyses that examined the 

association between biomarkers and the three study groups. TNF-α was significantly higher in 

schizophrenia with OS as compared with the two other groups. IL-6 was significantly higher in 

schizophrenia with OS relative to controls. IgM directed to MDA was significantly lower in 

schizophrenia with OS than in the two other study groups. CCL11 and IgA to the NOX/PRO ratio 

were significantly higher in schizophrenia than in controls. IgA to LPS of Gram-negative bacteria 

was significantly higher in schizophrenia patients with OS than in those without OS. 

 

3OSTOX and 3ANTIOX in deficit and non-deficit schizophrenia 

Table 2 shows the outcome of a multivariate GLM analysis which examines the association 

between diagnosis (deficit and non-deficit schizophrenia and controls) with TRAP, -SH groups, 

CMPAse, LOOH, MDA and AOPP. There was a significant association between the biomarkers 

and diagnosis with an effect size of 0.186. Univariate GLM analysis, table 3 (model-generated 
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estimated marginal means ±SE obtained by the multivariate GLM analysis) and protected LSD 

tests showed that -SH groups and PON1 CMPAase activity were significantly lower in deficit 

schizophrenia than in controls and non-deficit schizophrenia. AOPP was significantly higher in 

deficit schizophrenia than in the two other study groups. Table 2 shows also the results of 

univariate GLM analysis which examine the associations between diagnosis and the z unit-

weighted composite scores. All composites (except 8MITOTOX) were significantly higher 

(3OSTOX, 3OSTOX/3ANTIOX, 8MITOTOX/4PRORESIL) or lower (3ANTIOX, 4PRORESIL) 

in deficit schizophrenia as compared with controls and patients with non-deficit schizophrenia. 

The 8MITOTOX composite score was significantly different between the 3 study groups and 

increased from controls → non-deficit schizophrenia → deficit schizophrenia. Figure 1 and 

Figure 2 show the boxplots of the 3OSTOX/3ANTIOX ratio and 8MITOTOX/4PRORESIL ratios 

in those three study groups. 

 

Effects of background variables. 

 

Table 2 shows that there was a significant effect of sex (but not age, TUD or BMI) on the 

OS variables. Between-subject effects showed that sex was associated with TRAP values only 

(F=6.83, df= 1/105, p=0.010, partial eta squared=0.061). However, this effect was no longer 

significant after p-correction for FDR (p=0.060). Multivariate GLM analysis did not show 

significant effects of use of risperidone (F=0.089, df=6/96, p=0.997; n=32), clozapine (F=0.778, 

df=6/95, p=0.589; n=10), haloperidol (F=1.06, df=6/96, p=0.393; n=9), perphenazine (F=1.59, 

df=6/96, p=0.158; n=20), antidepressants (F=2.09, df=6/96, p=0.062; n=26), mood stabilizers 

(F=0.09, df=6/96, p=0.997; n=12) and anxiolytics / hypnotics (F=1.49, df=6/96, p=0.189; n=27) 

on the 6 OS variables (even without FDR correction). In previous studies using the same study 
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sample we showed that there were no significant effects of the drug state on the other biomarkers 

listed in table 1 [4,11].   

 

Best prediction of deficit schizophrenia 

Table 4 shows significant logistic regression models predicting deficit schizophrenia using 

different biomarkers sets. Table 4, regression #1 shows that  -SH groups, TRAP (both lowered) 

and MDA (increased) significantly predicted deficit schizophrenia (χ2=23.30, df=3, p<0.001, 

Nagelkerke=0.341). A better prediction was obtained by entering IgM to MDA (regression #2) 

showing that -SH groups, TRAP and IgM to MDA (all inversely) predicted deficit schizophrenia 

(χ2=43.73, df=3, p<0.001, Nagelkerke=0.567). Also, the 3OSTOX/3ANTIOX ratio (regression 

#3) yielded a good prediction of deficit schizophrenia (χ2=18.33, df=13, p<0.001, 

Nagelkerke=0.276), although the 8MITOTOX/4PRORESIL ratio (regression #4) yielded the best 

prediction (χ2=43.22, df=1, p<0.001, Nagelkerke=0.567).  

 

Best prediction of symptom domains and neurocognitive test results. 

Table 5 shows the results of automatic multiple stepwise regression analysis with symptom 

domains and neurocognitive test results as dependent variables and -SH, TRAP, PON1 CMPAase, 

MDA, AOPP and LOOH or the 3OSTOX/3ANTIOX ratio as explanatory variables while allowing 

for the effects of age sex, BMI and education. Table 5, regression #1 shows that 24.3% of the 

variance in psychosis was explained by LOOH (positive), PON1 CMPAase, education (both 

negative) and male sex. Regression #2 shows that 23.9% of the variance in excitement was 

explained by the regression on LOOH (positive) and education and CMPAase (both negative). 

Mannerism (regression #3) was best explained (21.7% of the variance) by TRAP and education 
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(both negative) and male sex. Regression #4 shows that 22.9% of the variance in FTD was 

explained by CMPAase, education (negative) and LOOH (positive) and male sex. PMR was best 

explained (28.8% of the variance) by TRAP, CMPAase, education (inversely), and AOPP and 

LOOH (both positively, see regression #5). Both negative subdomain rating scores were 

significantly associated with the 3OSTOX/3ANTIOX ratio (positive), education (negative) and 

male sex. WLM and MMSE (regressions # 8 and 11) were significantly predicted by the 

3OSTOX/3ANTIOX ratio (negative), education (positive) and female sex. We found that 24.9% 

of the variance in VFT (regression #9) was explained by the 3OSTOX/3ANTIOX ratio (negative) 

and education (positive), while 33.4% in true recall (regression # 10) was explained by AOPP 

(inverse), TRAP and education (both positive) and female sex. Up to 45.3% of the variance in 

executive functions (regression #8) was explained by the 3OSTOX/3ANTIOX ratio and age (both 

negative) and education (positively). 

 

Correlations symptoms, cognitive tests and the more comprehensive composite scores 

Table 6 shows the correlation matrix between 8MITOTOX, 4PRORESIL and 

8MITOTOX/4PRORESIL ratio and the symptom subdomains and cognitive tests as well. 

8MITOTOX was correlated (partial correlations after adjusting for age, sex and education and 

after p-correction for FDR) with all symptom subdomains and all neurocognitive tests. The 

4PRORESIL composite score was significantly associated with all symptom domains and 

cognitive test results except hostility and VFT. The 8MITOTOX/4PRORESIL ratio was 

significantly associated with all symptoms and cognitive tests scores. Figure 3 shows the partial 

regression of the total SANS score on the 8MITOTOX/4PRORESIL ratio.  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2020                   doi:10.20944/preprints202005.0145.v1

https://doi.org/10.20944/preprints202005.0145.v1


19 

 

Results of smart-PLS analysis 

Figure 4 shows the results of a first PLS analysis which considers a LV extracted from all 

symptom domains and neurocognitive test (thus reflecting OSOS) as the output variable and an 

index of increased oxidation (zLOOH+zAOPP) and the 4 ANTIOX variables (-SH, TRAP, 

CMAAase and IgM to MDA) including PON1 genotype (additive model) as input variables. 

Moreover, sex, age and PON1 genotypes were entered as possible explanatory variables for -SH, 

TRAP, zLOOH+zAOPP, and -SH, CMPAase and TRAP also for zLOOH+zAOPP. This model 

showed adequate quality data with SRMR=0.044 for the saturated model and 0.058 for the 

estimated model and the construct reliabilities of the OSOS LV was adequate with Cronbach’s 

alpha=0.953, composite reliability=0.959, rho_A=0.965 and AVE=0.628. All LV loadings on 

OSOS LV were greater than 0.606 while CFA indicated that the OSOS LV was not mis-specified 

as a reflective model. In addition, the construct crossvalidated redundancy of the OSOS LV was 

adequate (0.180). Complete PLS analysis using 5000 bootstrap samples showed that 30.8% of the 

variance in OSOS was explained by the regression on TRAP, zLOOH+zAOPP, PON1 genotype 

and IgM to MDA. In addition, PON1 genotype was a significant predictor of -SH groups and the 

latter was significantly associated with zLOOH+zAOPP. Sex was also associated with TRAP and 

zLOOH+zAOPP and age with TRAP. CMPAase and MDA were not significant in this PLS 

analysis.  There were significant specific indirect effects of -SH groups (t=-2.59, p=0.010) and sex 

(t=2.47, p=0.014) on OSOS both mediated by zLOOH+zAOPP. There were significant total 

effects of PON1 genotypes, -SH groups, TRAP, IgM to MDA, and zLOOH+zAOPP on OSOS.  

Figure 5 shows the results of a second SmartPLS analysis which considers the same LV 

extracted from symptom and neurocognitive scores as output variable and zLOOH+zAOPP, other 

neurotoxic molecules (IgA to TRYCATs, CCL11 and TNF-α) and antioxidants, including PON1 
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genotype (additive model) combined with CMPAase activity and -SH groups, as explanatory 

variables. TRAP and MDA were not significant in this analysis. This model showed good quality 

data with SRMR=0.044 for the saturated model and 0.062 for the estimated model. Moreover, the 

construct reliability of the LV OSOS was excellent with Cronbach’s alpha=0.952, composite 

reliability=0.959, rho_A=0.960 and AVE=0.628, and all loadings on the OSOS LV were greater 

than 0.612. Complete SmartPLS analysis using 5000 bootstrap samples showed that 47.6% of the 

variance in the OSOS LV was explained by TNF-α, IgA to TRYCATs, LOOH+AOPP, CLL11 

and the genotype-CMPAase supervariable, while the latter was also a predictor of -SH groups. 

Moreover, IgM directed to MDA was associated with CCL11, zLOOH+AOPP, TNF-α and IgA to 

TRYCATs. There were specific indirect effects of IgM to MDA on OSOS mediated by TNF-α 

(t=-2.33, p=0.020) and of -SH groups on OSOS mediated by IgA to TRYCATs (t=-2.28, p=0.02). 

 

Discussion 

The first major finding of this study is that deficit schizophrenia is accompanied by highly 

significant disorders in oxidative stress toxicity including significantly increased AOPP levels and 

lowered antioxidant defenses as indicated by lowered -SH groups and PON1 activity. Moreover, 

multivariable analysis showed that increased MDA and lowered TRAP were associated with 

deficit schizophrenia. In the Introduction, we reviewed some original papers and meta-analyses 

reporting contradictory results on oxidative stress toxicity and lowered antioxidant defenses in 

schizophrenia. However, it is difficult to discuss our results with respect to these and other studies 

as the current study found that changes in OS biomarkers are confined to deficit schizophrenia. 

Therefore, our results show that the selection of specific phenotypes may determine the results on 

oxidative stress in schizophrenia.  
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To the best of our knowledge there is only one preliminary study which reported increased 

levels of one type of reactive oxygen species (ROS), namely peroxide levels, and total antioxidant 

potential in deficit schizophrenia as compared with controls [50]. In addition, those authors 

reported that the ratio of total peroxides versus antioxidants potential was significantly higher in 

patients with deficit schizophrenia. Nevertheless, our results show that deficit schizophrenia is 

accompanied by increased oxidative stress toxicity, which attributable to increased AOPP levels 

(an index of protein oxidation) rather than to increased levels of lipid hydroperoxides (indicating 

lipid peroxidation following increased ROS) and MDA (indicating increased aldehyde formation 

following increased lipid peroxidation). Increased AOPP production is the consequence of the 

formation of dityrosine residues in proteins as a consequence of increased ROS attacks (including 

by hydrogen peroxides) and neutrophil-associated chlorinated oxidants including chloramines or 

hypochlorous acid (hypochlorous or chlorinative stress), which, in turn, is the consequence of 

increased peroxide production and myeloperoxidase (MPO) activity [51]. 

Chlorinative stress may induce many detrimental effects including oxidative damage to 

lipids, proteins (e.g. AOPP formation), DNA and RNA, neuronal damage (associated with 

Alzheimer’s disease), apoptosis of endothelial cells (vascular injuries), increased oxidation of LDL 

(as in atherosclerosis), increased inflammation (via formation of sulfamide monomers), tyrosine 

chlorination, and reduced levels of glutathione [52,53]. Increased AOPP levels are important 

sources of ROS and may activate NADPH oxidase increasing Nox1, Nox2 and Nox4 expression, 

nuclear factor-κB, p38 MAPK and apoptosis pathways, and may cause accumulation of abnormal 

proteins and thus more nitro-oxidative and reticulum stress, atherosclerotic processes, reduced 

lumbar bone mineral density, and other ageing-related processes [51,54-57]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2020                   doi:10.20944/preprints202005.0145.v1

https://doi.org/10.20944/preprints202005.0145.v1


22 

 

 As such, increased AOPP levels are the consequence of protein oxidation and may mediate 

oxidative and inflammatory reactions [58]. Increased AOPP levels are established in 

(neuro)inflammatory and neurodegenerative disorders including multiple sclerosis, Parkinson’s 

disease, systemic lupus erythematosus, mesial temporal sclerosis [59-62]  major depression and 

bipolar disorder type 1, chronic apical periodontitis-associated depression and generalized anxiety 

disorder [63,64] and pregnancy [65]. 

One of the trigger factors of hypochlorous stress is LPS-stimulation of neutrophil 

phagosome Toll-Like Receptors [66,67]. This is important, as deficit schizophrenia, but not non-

deficit schizophrenia, is accompanied by signs of breakdown of paracellular and vascular barriers 

in the gut and increased serum levels of IgA directed against LPS of Gram-negative bacteria 

indicating leaky gut and increased bacterial translocation [12,13]. It is interesting to note that major 

depression and bipolar disorder 1 are accompanied by highly increased MDA, LOOH and AOPP 

levels [63,64] and that mesial temporal sclerosis is accompanied by highly increased MDA levels, 

whereas AOPP levels are less severely disordered [62]. Therefore, it appears that increased protein 

oxidation without severe lipid peroxidation and aldehyde formation is a more specific OS 

biomarker profile of deficit schizophrenia. 

Our results on lowered TRAP antioxidant defenses extend the findings of Albayrak et al. 

[50] who reported that serum total antioxidant potential was specifically lowered in deficit 

schizophrenia. Lowered TRAP is an index of lowered antioxidant defenses that comprises the 

effects of hydrophobic antioxidants including vitamin E, and hydrophilic antioxidants including 

vitamin C, uric acid, and bilirubin [68]. Interestingly, in pregnant women we observed that lowered 

TRAP is strongly associated with increased AOPP production, indicating that lowered TRAP may 

contribute to protein oxidation [65]. Nevertheless, in the current study we found that the lowered 
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levels of PON1 CMPAase activity and -SH groups were much more specific for deficit 

schizophrenia than lowered TRAP. 

SH-disulphide homeostasis is a key component of antioxidant defenses of the body and 

additionally plays a role in cell signaling, detoxification, protein regulation, apoptosis and 

transcription [69,70]. Some studies indicated lowered brain and serum GSH levels or related 

enzymes (e.g. GSH-peroxidase) in schizophrenia [71-73]. Nevertheless, -SH groups are part of 

protein (e.g. albumin) and non-protein compounds (e.g. free cysteine and GSH) while the protein 

-SH groups are abundant in plasma and GSH is more abundant in red blood cells [44,45]. Usually, 

there is little difference between the levels of total -SH groups and protein-bound -SH because the 

levels of GSH in plasma are comparatively very low.   

Recently, we reviewed the role of PON1 enzyme activities in schizophrenia and discussed 

that in medicated and unmedicated schizophrenia patients, PON1 AREase and 

CMPAase/paraoxonase activities are frequently reduced [74]. Nevertheless, in the current study, 

lowered PON1 CMPAase activity was confined to deficit schizophrenia. In the plasma, PON1 

binds to HDL and this functional PON1-HDL complex protects against macrophage-mediated 

lipid oxidation, including that of LDL and displays peroxidase activity [75-77]. Elevated PON1 

enzyme activity displays anti-inflammatory effects by inhibiting the production of LPS-induced 

pro-inflammatory cytokines through regulation of MAPK and NF-B pathways, and by 

attenuating macrophage activities including production of monocyte chemoattractant protein-1 

[74]. In first-episode psychosis, lowered activity of PON1 AREase is accompanied with increased 

plasma levels of M1 (IL-6), Th-2 (IL-4) and T regulatory (IL-10) cytokines [78]. Apart from 

antioxidant and anti-inflammatory properties, PON1 has also metabolic effects including effects 

on glycolysis and the Krebs cycle and, thus, energy metabolism, as well as stimulating insulin 
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production and secretion [79]. While part of these effects are associated with PON1-related -SH 

groups, PON1 also shows thiolactonase activity whereby PON1 degrades homocysteine 

thiolactone, which may induce protein N-homocysteinylation as a consequence of an interaction 

between a free thiol derived from a protein cysteine residue and the free thiol group of 

homocysteine [74]. As such, lowered PON1 thiolactonase activity may play a role in the -SH 

group-related redox status of functional proteins, which may result in increased nitro-oxidative 

stress, production of protein adducts, immune-inflammatory and autoimmune responses and, 

consequently cellular toxicity [74,80]. Moreover, the PON1-HDL complex may be damaged and 

inactivated by peroxynitrite formed by nitric oxide and ROS, myeloperoxidase, and increased 

levels of IL-1 and TNF-α, which inhibit the synthesis of PON1 in the liver [74]. These processes 

may attenuate the regulatory effects of PON1 on myeloperoxidase activity thereby causing more 

protein oxidation, nitrosylation and formation of peroxynitrite. All in all, the loss of antioxidant 

defenses in deficit schizophrenia through lowered -SH groups, TRAP, and PON1 CMPAase 

activity, which is at least partly related to the QQ and QR genotypes, appears to be a key factor in 

the neuro-oxidative pathophysiology of deficit schizophrenia. 

The second major finding of this study is that increased oxidative stress toxicity, lowered 

levels of antioxidant defenses and increases in the OSTOX/ANTIOX ratio are significantly 

associated with all symptom domains of schizophrenia as well as with the neurocognitive test 

scores indicating impairments in episodic and semantic memory and executive functions. 

Moreover, these OSTOX/ANTIOX biomarkers explained a large part of the variance in a general 

factor extracted from the symptom domains and neurocognitive tests, reflecting OSOS. As 

reported previously, this single latent trait is essentially unidimensional and underpins the key 

domains of schizophrenia which are, therefore, manifestations of this common underlying 
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construct [4-6,36]. This latent OSOS factor, which reflects the late phenome of schizophrenia, 

indicates disorders in neuronal circuits including in the “prefronto-striato-thalamic, prefronto-

parietal, prefronto-temporal, and dorsolateral prefrontal cortex, as well as hippocampus and 

amygdala” [4,5,81,82]. By inference, our results suggest that OSTOX and ANTIOX biomarkers 

impact OSOS through the multiple neurotoxic effects of protein oxidation (see above) and lowered 

antioxidant defenses, which increase the propensity towards aberrations in immune-inflammatory 

and nitro-oxidative stress pathways and cell signaling, apoptosis, transcription, detoxification, and 

protein regulation processes  [69,70,74]. Moreover, PON1 genotypic distribution may be one of 

the genetic drivers leading to increased OSTOX and thus increments in OSOS. 

The third major finding of this study is that the OSTOX and ANTIOX biomarkers have 

significant effects on OSOS above and beyond the effects of neuro-immune biomarkers including 

a) increased TNF-α, IL-6, CCL11, IgA directed to neurotoxic TRYCATs and PLS of Gram-

negative bacteria and b) reductions in lowered natural IgM responses to MDA, which indicate 

lowered resilience of the innate immune system against inflammation, oxidative stress and 

bacterial stressors. Nevertheless, we found that a large part of the variance (47.6%) in the general 

latent trait OSOS, reflecting the late phenome of schizophrenia, is explained by a combination of 

neuro-immune and neuro-oxidative stress toxicity (TNF-α, IL-6, IgA to TRYCATs, LPS, CCL11, 

LOOH, AOPP, MDA) and lowered protection and resilience against these neurotoxic compounds 

through lowered PON1 CMPAase activity, TRAP, -SH groups and natural IgM to MDA. Thus, 

the current study indicates that OSOS increases along a continuum from normal controls → non-

deficit schizophrenia → deficit schizophrenia in association with increasing neuro-immune and 

neuro-oxidative stress toxicity, while lowered antioxidant defenses and lowered natural IgM to 

MDA are a hallmark of deficit schizophrenia only. As such, the results of the present study indicate 
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that the combination of neurotoxicity, which is more abundant when OSOS increases, with 

lowered antioxidant protection and natural IgM shape a distinct nosological entity, namely deficit 

schizophrenia. 

The results of the present study should be discussed with respect to its limitations. First, it 

would have been more interesting if we had assayed a broader panel of OS and antioxidant 

biomarkers, especially MPO, as well as more neurotoxic cytokines including IL-17 and interferon-

γ. Second, this is case-control study which does not allow to draw firm causal inferences.  

In conclusion, deficit schizophrenia is characterized by significantly increased levels of 

oxidative toxicity coupled with lowered TRAP, -SH, and PON1 activity levels, while these 

changes are not evident in non-deficit schizophrenia. A large part of the variance in the latent 

construct extracted from all symptom domains and neurocognitive scores was explained by a 

combination of neurotoxic compounds and lowered antioxidant defenses and natural IgM. These 

aberrations shape deficit schizophrenia as a distinct nosological entity. 
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Table 1. Socio-demographic, clinical, neurocognitive and biomarker data in healthy controls (HC) and schizophrenia patients divided 

into those with (SCZ+OS) and without (SCZ) increased oxidative stress  
 

 

 

Variables Healthy controls 
A 

SCZ B SCZ + OS C F/Ψ/X2 df p 

Age (years) 37.4 (12.8) 39.5 (11.2) 42.5 (10.8) 1.93 2/116 0.149 

Sex (Female/Male) 30/10 B,C 18/21 A 18/22 A 9.32 2 0.009 

Single/married/divorced-widow  23/14/3 28/6/5 31/5/2 Ψ =0.267 - 0.080 

Body mass index (kg/m2) 24.0 (4.3) 25.2 (5.8) 23.6 (4.4) 1.13 2/111 0.327 

Duration of illness (years) - 14.9 (10.2) 14.8 (10.7) 0.00 1/71 0.977 

Age of onset (years) - 25.2 (7.3) 27.9 (10.0) 1.80 1/71 0.184 

Education (years) 14.2 (4.9) C 12.3 (3.7) C 12.2 (4.6) A,B 2.77 2/116 0.067 

Employment (No/Yes) 4/36 B,C 17/22 A 29/11 A 32.13 2 <0.001 

Tobacco Use Disorder  (No/Yes) 38/2 38/1 36/4 Ψ =0.131 - 0.358 

Non-deficit / Deficit schizophrenia  - 30/9 C 10/30 B 21.30 1 <0.001 

Family history of psychosis 37/3 B,C 23/16 A 25/15 A 13.23 2 0.001 

Symptom domains       

SANS 0.5 (1.74) B,C 24.36 (17.5) A,C 45.9 (24.9) A,B - - <0.001 

PANSS negative 7.0 (0.0) B,C 13.9 (7.5) A,C 24.5 (10.3) A,B - - <0.001 

Psychosis (z values) -0.82 (0.0) B,C 0.12 (0.95) A,C 0.71 (0.97) A,B - - <0.001 

Hostility (z values)  -0.59 (0.0) B,C 0.20 (1.14) A 0.42 (1.10) A - - <0.001 

Excitement (z values) -0.81 (0.0) B,C -0.01 (0.80) A,C 0.79 (1.05) A,B - - <0.001 

Mannerism (z values) -1.14 (0.0) B,C 0.25 (1.49) A,C 0.94 (1.71) A,B - - <0.001 

Formal Thought Disorders (z values) -0.76 (0.0) B,C 0.06 (1.01) A,C 0.71 (0.97) A,B - - <0.001 

Psychomotor retardation (z values) -0.77 (0.14) B,C -0.04 (0.85) A,C 0.78 (1.01) A,B - - <0.001 

Neurocognitive tests       

Mini Mental State Examination 28.4 (2.3) B,C 26.5 (3.0) A,C 25.0 (4.1) A,B 10.64 2/116 <0.001 
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Verbal Fluency Test 26.6 (6.3) B,C 19.7 (5.7) A,C 16.9 (7.0) A,B 24.67 2/116 <0.001 

Word List Memory 22.1 (4.4) B,C 18.6 (4.0) A,C 15.0 (5.8) A,B 22.23 2/116 <0.001 

True Recall 8.1  (1.8) B,C 7.1 (1.6) A,C 5.4  (2.5) A,B 18.27 2/116 <0.001 

Executive functions ( z values)  0.71 (0.94) B,C -0.18 (0.83) A -0.53 (0.81) A 21.70 2/115 <0.001 

Biomarkers       

TNF-α (pg/mL) 7.56 (0.65) C 7.66 (0.91) C 8.49 (1.74) A,B 7.11 2/114 0.001 

IL-6 (pg/mL) 7.06 (1.27) C 7.74 (2.57) 8.38 (2.31) A 3.85 2/114 0.024 

IL-4 (pg/mL) 0.91 (0.08)  0.87 (0.10)  0.90 (0.10)  1.78 2/114 0.174 

CCL11 (pg/mL) 129.6 (54.1) B.C 206.4 (101.2) A 216.1 (102.2) A 11.40 2/116 <0.001 

IgA to NOX/PRO (z values) -0.695 (0.654) B,C 0.165 (0.910) A 0.510 (1.000) A 20.48 2/116 <0.001 

IgA to Gram- bacteria (z values) -0.017 (0.888)  -0.271 (0.873) C 0.216 (1.100) B 2.54 2/114 0.083 

IgM to MDA (z values) 0.275 (0.821) C 0.126 (1.103) C -0.380 (0.967) A,B 4.90 2/114 0.009 

 

 

SANS: the Scale for the Assessment of Negative Symptoms; PANSS: the Positive and Negative Syndrome Scale 

TNF: tumor necrosis factor; IL: interleukin; NOX/PRO: noxious versus more protective tryptophan catabolites ratio; MDA: 

malondialdehyde  
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Table 2. Results of multivariate GLM analysis examining the associations between diagnosis and oxidative stress (OS) biomarkers while adjusting 

for extraneous variables. 
 

 

Tests  Dependent variables  Explanatory variables F  df  p  

Partial 

η2 

Multivariate * All 6 OS Biomarkers 

HC, NON, DEFSCZ 3.81 12/200 <0.001 0.186 

Sex 2.94 6/100 0.011 0.150 

TUD 0.97 6/100 0.447 0.055 

Age 0.92 6/100 0.486 0.052 

BMI 2.15 6/100 0.054 0.114 

Between-subject 

effects* 

TRAP  

 

HC, NON, DEFSCZ 

 

 

  

2.07 2/104 0.131 0.038 

-SH 9.34 2/104 <0.001 0.151 

PON1 CMPAase 6.95 2/104 0.001 0.117 

LOOH 2.16 2/104 0.121 0.039 

MDA 1.78 2/104 0.174 0.033 

AOPP 3.45 2/104 0.035 0.061 

Univariate* 

3OSTOX HC, NON, DEFSCZ 5.76 2/105 0.004 0.099 

3ANTIOX HC, NON, DEFSCZ 6.74 2/108 0.002 0.111 

3OSTOX/3ANTIOX HC, NON, DEFSCZ 11.76 2/105 <0.001 0.183 

4PRORESIL HC, NON, DEFSCZ 31.28 2/106 <0.001 0.371 

8MITOTOX HC, NON, DEFSCZ 31.24 2/102 <0.001 0.380 

8MITOTOX/4PRORESIL HC, NON, DEFSCZ 53.05 2/102 <0.001 0.510 

 

Diagnosis: healthy controls (HC), and deficit (DEFSCZ) and non-deficit (NON) schizophrenia. 

*Adjusted for effects of sex, age, tobacco use disorder (TUD), and body mass index (BMI). 

TRAP: total radical-trapping antioxidant parameter; -SH: sulfhydryl groups, CMPAase: PON1 paraoxonase activity towards 

CMPA substrate, LOOH: lipid hydroperoxides; MDA: malondialdehyde, AOPP: advanced oxidation protein products. 
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3OSTOX: sum of z LOOH + z MDA + z AOPP, reflecting oxidative stress toxicity.  

3ANTIOX: sum of  z CMPAase + z SH groups + z TRAP, reflecting antioxidant defenses. 

3OSTOX/3ANTIOX: z 3OSTOX – z 3ANTIOX ; reflecting the oxidative stress toxicity / antioxidant ratio. 

4PRORESIL: sum of  z CMPAase + z SH groups + z TRAP + IgM to MDA, reflecting protective resilience against neuro-immune, 

neuro-oxidative and bacterial stress 

8 MITOTOX: sum of z LOOH + z MDA + z AOPP + z TNF-α + z IL-6 + z CCL11 + z IgA to TRYCATs + z IgA to LPS, reflecting 

multiple immune and oxidative toxicities 

8MITOTOX/4PRORESIL: z 8MITOTOX – z 4PRORESIL, reflecting the ratio between multiple immune and oxidative toxicities and 

protective resilience. 
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Table 3. Model-generated estimated marginal mean (SE) values of the oxidative stress and antioxidant biomarkers  

 

  
Dependent Variables in z scores Healthy controls (A) NONDEF SCZ (B) DEF SCZ (C) 

TRAP (µmol Trolox) 944.2 (36.8) 690.7 (34.4) 890.3 (37.8) 

-SH (µmol/L) 317.2 (15.0) C 334.5 (14.0) C 272.7 (15.4) A,B 

PON1 CMPAase (U/mL) 44.0 (2.7) C 41.4 (2.5) C 34.4 (2.8) A,B 

LOOH (URL) 1271 (123)  1473 (115) 1503 (127) 

MDA (µM) 2.34 (0.16) 2.19 (0.15) 2.49 (0.17) 

AOPP (µmol/L/eq.cloraminT) 227.4 (41.2) C 247.3 (36.6) C 327.5 (42.4) A,B 

3OSTOX ( z scores) -0.124 (0.238) C -0.031 (0.223) C 0.602 (0.244) A,B 

3ANTIOX (z scores) -0.181 (0.219) C 0.107 (0.207) C -0.680 (0.227) A,B 

3OSTOX/3ANTIOX (z scores) 0.001 (0.223) C -0.070 (0.209) C 0.882 (0.229) A,B 

4PRORESIL (z scores) 0.128 (0.194) C 0.348 (0.182) C -1.044 (0.199) A,B 

8MITOTOX (z scores) -0.604 (0.184) B,C -0.085 (0.171) A,C 0.808 (0.188) A,B 

8MITOTOX/4PRORESIL (z scores) -0.452 (0.167) C -0.236 (0.156) C 1.102 (0.170) A,B 

 

 

Diagnosis: healthy controls (HC), and deficit (DEFSCZ) and non-deficit (NON) schizophrenia. 

A,B,C: pairwise comparisons among treatment means. 

TRAP: total radical-trapping antioxidant parameter; -SH: sulfhydryl groups, PON1 CMPAase: paraoxonase activity towards CMPA 

substrate, LOOH: lipid hydroperoxides; MDA: malondialdehyde, AOPP: advanced oxidation protein products. 
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3OSTOX: sum of z LOOH + z MDA + z AOPP, reflecting oxidative stress toxicity.  

3ANTIOX: sum of  z PON1 CMPAase + z -SH groups + z TRAP, reflecting antioxidant defenses. 

3OSTOX/3ANTIOX: z 3OSTOX – z 3ANTIOX ; reflecting the oxidative stress toxicity / antioxidant ratio. 

4PRORESIL: sum of  z PON1 CMPAase + z -SH groups + z TRAP + IgM to MDA, reflecting protective resilience against neuro-

immune, neuro-oxidative and bacterial stress 

8MITOTOX: sum of z LOOH + z MDA + z AOPP + z tumor necrosis factor-α + z interleukin-6 + z CCL11 + z IgA to TRYCATs + z 

IgA to LPS, reflecting multiple immune and oxidative toxicities 

8MITOTOX/4PRORESIL: z 8MITOTOX – z 4PRORESIL, reflecting the ratio between multiple immune and oxidative toxicities and 

protective resilience. 
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Table 4. Results of binary logistic regression analyses with deficit (DEFSCZ) versus non-deficit (NON) schizophrenia as dependent 

variable and biomarkers as explanatory variables. 

 

 

 
Dichotomies Explanatory variables B SE Wald df p OR 95% CI 

 

#1. DEFSCZ / NON 

-SH -0.971 0.314 9.57 1 0.002 0.21 0.21-0.70 

MDA 0.598 0.306 3.83 1 0.050 1.82 1.00-3.312 

TRAP -0.660 0.264 6.233 1 0.013 0.52 0.31-0.87 

#2. DEFSCZ / NON 

-SH -1.197 0.391 9.34 1 0.002 0.30 0.14-0.65 

TRAP -0.732 0.318 5.31 1 0.021 0.48 0.26-0.90 

IgM to MDA -1.613 0.412 15.35 1 <0.001 0.20 0.09-0.45 

#3. DEFSCZ / NON 3OSTOX/3ANTIOX 1.15 0.314 13.39 1 <0.001 3.15 1.70-5.83 

#4. DEFSCZ / NON 8MITOTOX/4PRORESIL 2.62 0.616 17.90 1 <0.001 13.66 4.08-45.73 

 

 

OR: Odds ratio, 95% CI: 95% confidence intervals. 

-SH: sulfhydryl groups, MDA: malondialdehyde, TRAP: total radical-trapping antioxidant parameter 

3OSTOX: sum of z lipid hydroperoxides (LOOH) + z MDA + z advanced oxidation protein products (AOPP), reflecting oxidative stress 

toxicity.  

3ANTIOX: sum of  z paraoxonase (PON)1 CMPAase + z SH groups + z TRAP, reflecting antioxidant defenses. 

3OSTOX/3ANTIOX: z 3OSTOX – z 3ANTIOX ; reflecting the oxidative stress toxicity / antioxidant ratio. 

8 MITOTOX: sum of z LOOH + z MDA + z AOPP + z tumor necrosis factor-α + z interleukin-6 + z CCL11 + z IgA to tryptophan 

catabolites + z IgA to LPS, reflecting multiple immune and oxidative toxicities 

4PRORESIL: sum of  z CMPAase + z SH groups + z TRAP + IgM to MDA, reflecting protective resilience against neuro-immune, 

neuro-oxidative and bacterial stress 

8MITOTOX/4PRORESIL: z 8MITOTOX – z 4PRORESIL, reflecting the ratio between multiple immune and oxidative toxicities and 

protective resilience. 
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Table 5. Results of multiple regression analysis with symptom domains as dependent variables and oxidative stress biomarkers as 

explanatory variables. 

 

Regression Explanatory variables β t p F model df p R2 

 

#1. Psychosis Model 8.93 4/111 <0.001 0.243 

Education -0.268 -3.20 0.002 

LOOH 0.249 2.90 0.004 

Male sex 0.182 2.12 0.036 

PON1 CMPAase -0.170 -2.03 0.045 

#2. Excitement Model 11.81 3/113 <0.001 0.239 

Education -0.285 -3.44 0.001 

LOOH 0.290 3.53 0.001 

PON1 CMPAase -0.234 -2.81 0.006 

#3. Mannerism Model 10.35 3/112 <0.001 0.217 

Sex 0.354 4.15 <0.001 

Education -0.235 -2.80 0.006 

TRAP -0.214 -2.51 0.014 

#4.  Formal thought 

disorders 

Model 8.25 

 

4/111 <0.001 0.229 

CMPAase -0.233 -2.76 0.007 

LOOH 0.217 2.51 0.014 

Education -0.222 -2.63 0.010 

Sex 0.177 2.04 0.044 

#5. Psychomotor 

retardation  

Model 8.92 5/110 <0.001 0.288 

PON1 CMPAAse -0.273 3.24 0.002 

Education -0.187 -2.23 0.028 

TRAP -0.213 -2.60 0.011 

AOPP 0.228 2.74 0.007 

LOOH 0.174 2.15 0.034 

#6. PANSSnegative  Model 15.01 3/112 <0.001 0.287 

3OSTOX/3ANTIOX 0.387 2.528 0.013 

Education -0.245 -2.333 0.021 

Sex 0.223 2.79 0.006 
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#7. SANS   Model  15.02 3/112 <0.001 0.287 

3OSTOX/ANTIOX 0.327 4.06 <0.001 

Education -0.300 -3.72 <0.001 

Sex 0.243 3.04 0.003 

#8. Word List Memory Model 20.64 

 

3/113 <0.001 0.354 

Education 0.441 5.77 <0.001 

3OSTOX/3ANTIOX -0.247 -3.25 0.002 

Sex -0.243 -3.20 0.002 

#9. Verbal Fluency Test  Model 18.89 5/110 <0.001 0.249 

Education 0.395 4.83 <0.001 

3OSTOX/3ANTIOX -0.261 -3.20 0.002 

#10. Word List True 

Recall   

Model 14.02 1/112 <0.001 0.334 

Education 0.309 3.95 <0.001 

AOPP -0.285 -3.62 <0.001 

Sex -0.283 -3.58 0.001 

TRAP 0.224 2.83 0.006     

#11. Mini Mental State 

Examination  

Model    32.61 3/113 <0.001 0.464 

Education 0.607 8.72 <0.001 

3OSTOX/ANTIOX  -0.183 -2.63 0.010 

Sex -0.153 -2.21 0.029 

#8. Executive functions Model 30.97 

 

3/112 <0.001 0.453 

Education 0.397 -5.37 <0.001 

3OSTOX/3ANTIOX -0.298 4.18 <0.001 

Age -0.276 3.70 <0.001 

 

 

PANSSnegative: negative subscale of the Positive and Negative Syndrome Scale 

SANS: The Scale for the Assessment of Negative Symptoms 

*Sex: male = 1, female =0 

OR: Odds ratio, 95% CI: 95% confidence intervals. 

LOOH: lipid hydroperoxides, PON1: paraoxonase activity, TRAP: total radical-trapping antioxidant parameter, AOPP: advanced 

oxidation protein products. 

3OSTOX: sum of z LOOH + z malondialdehyde + z AOPP, reflecting oxidative stress toxicity.  

3ANTIOX: sum of  z PON1 CMPAase + z sulfhydryl groups + z TRAP, reflecting antioxidant defenses. 
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3OSTOX/3ANTIOX: z 3OSTOX – z 3ANTIOX ; reflecting the oxidative stress toxicity / antioxidant ratio. 

 

Table 6. Correlations between integrated oxidative toxicity and antioxidant indices and severity of symptom domains and 

neurocognitive test results.  

  

Variables 8MITOTOX* 4APRORESIL** 8MITOTOX/4PRORESIL*** 

 

Psychosis  0.429 -0.310 0.441 

Hostility 0.207 -0.146 0.211 

Excitation 0.461 -0.450 0.547 

Mannerism 0.288 -0.310 0.360 

Formal thought disoders 0.352 -0.381 0.445 

Psychomotor retardation 0.526 -0.492 0.611 

SANS 0.529 -0.498 0.616 

PANNS negative 0.511 -0.516 0.617 

Mini Mental State Examination -0.284 0.223 -0.303 

Verbal Fluency Test -0.392 0.166 -0.331 

Word List Memory -0.416 0.234 -0.386 

True Recall -0.421 0.280 -0.419 

Executive functions -0.357 0.228 -0.348 

 

Listed are partial correlation coefficients after adjusting for age, sex and education. 

* All p<0.01, except hostility (p<0.05) after p-correction for false discovery rate 

** All p<0.01, except MMSE, WLM, and executive functions (p<0.05) and hostility and VFT (not significant) after p-correction for 

false discovery rate 

*** All p<0.01, except hostility (p<0.05) after p-correction for false discovery rate 

N=107 and n=108 for symptom domains and cognitive tests, respectively. 
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8 MITOTOX: sum of z lipid hydroperoxides (LOOH) + z malondialdehyde (MDA) + z advanced oxidation protein products (AOPP) + 

z tumor necrosis factor-α + z interleukin-6 + z CCL11 + z IgA to tryptophan catabolites + z IgA to LPS, reflecting multiple immune and 

oxidative toxicities. 

4PRORESIL: sum of  z paraoxonase (PON)1 CMPAase + z -SH groups + z total radical-trapping antioxidant parameter (TRAP) + IgM 

to MDA, reflecting protective resilience against neuro-immune, neuro-oxidative and bacterial stress. 

8MITOTOX/4PRORESIL: z 8MITOTOX – z 4PRORESIL, reflecting the ratio between multiple immune and oxidative toxicities and 

protective resilience. 
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Figure 1. Boxplot of the 3OSTOX/3ANTIOX ratio in healthy controls (HC), and schizophrenia patients with (DEF) and without 

(NONDEF) schizophrenia. This index reflects the oxidative stress toxicity / antioxidant ratio. 
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Figure 2. Boxplot of the 8MITOTOX/4PRORESIL ratio in healthy controls (HC), and schizophrenia patients with (DEF) and without 

(NONDEF) schizophrenia. This index reflects the ratio between multiple immune and oxidative toxicities/ protective resilience against 

neuro-immune, neuro-oxidative and bacterial stress. 
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Figure 3. partial regression of the total SANS (the Scale for the Assessment of Negative Symptoms) score on the 

8MITOTOX/4PRORESIL ratio, reflecting the ratio between multiple immune and oxidative toxicities/ protective resilience against 

neuro-immune, neuro-oxidative and bacterial stress. 
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Figure 4. Results of a partial least squares (PLS) analysis which considers a latent vector extracted from all symptom domains and 

neurocognitive test as the output variable (labeled as OSOS: overall severity of schizophrenia) and with oxidative stress biomarkers as 

input variables. In addition, age and sex were entered as input variables that could predict all variables included. Shown are path 

coefficients with p-values for the inner model, and loadings (p-values) for the outer model. Only the significant paths are shown as 

obtained by complete PLS path analysis performed on 5000 bootstrap samples. 

LOOH+AOPP: index of increased oxidative toxicity, -SH: sulfhydryl groups, TRAP: total radical-trapping antioxidant parameter, 

PON1 genotype: additive model, IgM MDA: IgM directed to malondialdehyde 

FTD: formal thought disorders, MMSE: Mini Mental State Examination, PMR: psychomotor retardation, TrueRec: True Recall, VFT: 

Verbal Fluency Test, WLM: Word List Memory, PANSS: negative subscale of the Positive and Negative Syndrome Scale, SDS: 

Schedule for the Deficit syndrome, SANS: the Scale for the Assessment of Negative Symptoms, Excited: excitation, Manner: 

mannerism, Sex: male = 1, female =0 
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Figure 5. Results of a partial least squares (PLS) analysis which considers a Latent Vector extracted from all symptom domains and 

cognitive probes as the dependent variable, reflecting overall severity of schizophrenia (OSOS). Oxidative stress and antioxidant 

biomarkers are used as input variables and age and sex are entered as explanatory variables that may predict all other variables. Shown 

are path coefficients with p-values for the inner model, and loadings (p-values) for the outer model. Only significant paths are shown 

as obtained by complete PLS path analysis performed on 5000 bootstrap samples. 

LOOH+AOPP: index of increased oxidative toxicity, -SH: sulfhydryl groups, TRAP: total radical-trapping antioxidant parameter, 

PON1gene+CMPAase: a supervariable comprising the additive model of the paraxonase1 genotype and PON1 CMPAase activity; 

IgM MDA: IgM directed to malondialdehyde; TNF: tumor necrosis factor-α; TRYCATS: IgA levels to tryptophan catabolites. 

FTD: formal thought disorders, MMSE: Mini Mental State Examination, PMR: psychomotor retardation, TrueRec: True Recall, VFT: 

Verbal Fluency Test, WLM: Word List Memory, PANSS: negative subscale of the Positive and Negative Syndrome Scale, SDS: 

Schedule for the Deficit syndrome, SANS: the Scale for the Assessment of Negative Symptoms, Excited: excitation, Manner: 

mannerism, Sex: male = 1, female =0 
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