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1. Introduction

Schizophrenia represents a chronic and heterogeneous illness of the brain, that typically emerges in late adolescence or early adulthood with
persisting cognitive, negative and psychotic symptoms. Converging clinical and epidemiological evidence underscores its global impact [1, 2]
and the demand for frameworks to bridge synaptic chemistry with pathophysiology [1-3]. At a biochemical level, there is mounting evidence
that redox dysregulation-actual inability to maintain oxidative balance-is a common denominator in the development and progression of
disease [1-5]. In addition to classical “dopamine hypotheses” new perspectives combine dopaminergic signaling with oxidative/antioxidative
systems and developmental vulnerability. Moreover, translational and in-vivo (i.e., magnetic resonance spectroscopy) findings have suggested
that variation of antioxidative tone is observable (e.g., GSH) in subtypes of patients, while supplementation trials of NAC show that thiol redox
can be modified to modulate symptoms or white-matter integrity [5—8]. This information encourages models in which transmitter turnover is
a (quantitative) reflection of redox capacity rather than an entirely different process running in parallel [5—8]. Balance of DA synthesis (TH,
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AADC), vesicular sequestration (VMAT?2), release and reuptake rates capabilities are given relative to catabolic capacity via monoamine
oxidase (MAO) and catechol-O-methyltransferase (COMT) activity forming DOPAC, 3-MT, and HVA. A contemporary perspective involves
a significant intraneuronal deamination and dynamic juxtaposing between oxidative deamination and O-methylation with contribution by
astrocytes [9—13]. Of particular interest, VMAT?2 serves to restrict cytosolic exposure of DA (and accordingly oxidative stress), while DAT
governs extracellular half-life and intra-cellular reincorporation [9-13]. MAO-catalyzed deamination of cytosolic DA, however, creates two
chemically reactive species with disproportionate toxic potential: 3,4-dihydroxyphenylacetaldehyde (DOPAL) and H>O;. The formation
of HyO2 by MAO in brain has been shown to occur in vivo, and DOPAL displays increased protein reactivity (crosslinking/Schiff base
formation) compared to DA. Detoxification of DOPAL depends on aldehyde dehydrogenases (ALDH, eg, ALDH1A1/ALDH2); changes
that lead to reduction in ALDH activity or saturate this enzymatic family will result in increased aldehyde burden and subsequent damage
[14-20]. This places ALDH capacity alongside MAO flux as a principal biochemical lever on DA catabolism’s redox cost [14—-20]. Neuronal
antioxidant defences buffer away these oxidants (colour rooftop, lower middle of graph) are GSH/GPx—GR recycling and catalase with
NADPH from the pentose-phosphate pathway (PPP; good in astrocytes). When GSH is exhausted or NADPH becomes limiting, HyO»
metabolism clears at a decreased rate and aldehyde detoxication bottlenecks allowing for non-linear oxidative stress amplification. Studies
in the brain and cells define these enzymatic roles and NADPH sources whereas system/tissues data point to the fact that GPx + catalase
together dominate H,O; disposal in most situations [21-27]. The variation among individuals in COMT activity additionally influences
the control of DA catabolism partition. This polymorphism in COMT gene termed Vall58 Met (rs4680) changes the thermal stability
and activity of the enzyme leading to a (Val > Met) variant [14]. The impact of this SNP on prefrontal dopamine tone and cognition is
well-characterized and extensive; by lowering O-methylation capacity, individuals possessing COMT-Met allele would correspondingly shift
flux through MAO/ALDH pathways subtly upregulating aldehyde/H>O> loads during stress [28—31]. Together, these threads imply that
dopamine turnover and redox buffering are an integrated dynamical system, in which MAO Vmax, ALDH capacity, COMT activity/genotype,
vesicular sequestration and PPP-NADPH collectively determine the oxidative cost per unit DA signaling. To interrogate this quantitatively,
we develop an ODE-based kinetic model (SBML-compliant; COPASI/Python) and apply local and global sensitivity analyses (including
Sobol indices) to schizophrenia-relevant perturbations (tMAO, |COMT, |GSH) [32-36]. In summary, these lines of evidence motivate a
quantitative framework that couples dopamine turnover to antioxidant capacity. Here, we develop an ODE-based redox-coupled kinetic
framework for cytosolic and mitochondrial compartments that explicitly connects the generation of DOPAL/H,0; by MAO to detoxification
by GSH/GPx—GR and re-supply of NADPH. We next interrogate schizophrenia-related conditions— increased MAO activity, reduced COMT
capacity (Vall58 Met), glutathione depletion, and combinations there of- to elucidate how enzyme capacities and redox store size influence
dopamine flux partitioning, aldehyde load and oxidative challenge under both steady state and a range of transient conditions.

2. Methods

We built a two-compartment ODE model (cytosol <+ mitochondria) of dopamine (DA) handling that links catabolic flux to redox cost.
Cytosolic DA arises from TH/AADC synthesis, is buffered by vesicular sequestration (VMAT?2), released and recaptured (DAT), and is
cleared via two competing branches: oxidative deamination (MAO — DOPAL — ALDH — DOPAC) and O-methylation (COMT — 3-MT
— HVA). MAO turnover was stoichiometrically coupled to equimolar HyO, and DOPAL formation. A redox module comprised GPx
(reducing H2O; using GSH to GSSG), GR (recycling GSSG to GSH at the expense of NADPH), and catalase as a parallel sink; PPP-derived
NADPH was modeled as a lumped, saturable source. Kinetics were predominantly Michaelis—Menten (transport steps as saturable or
effective first-order). Baseline parameters (Km, Vmax, pool sizes) were set within literature-plausible ranges to yield low cytosolic DA,
negligible DOPAL buildup, and sub-uM H,0O,. We simulated four schizophrenia-relevant perturbations: MAOT +50%, COMT| -35%
(Val158 Met proxy), GSH pool] -40%, and combined; and two compensations (ALDHT +25%, GSH restoration +30%). Trajectories
(0-3600 s; extended as needed) were integrated with a stiff solver; steady states were verified. Robustness was evaluated as global sensitivity
(Sobol indices) across 2000-5000 Latin-hypercube parameter sets (£30% for kinetic constants; £50% for redox pools).

Result: DA (DOPAL, H,0,) time courses, flux partitioning (MAO vs COMT), oxidative cost (H>O,/DA catabolized), and control
coefficients were among the outputs. Supplementary SBML/COPASI projects and Python notebooks are made available to guarantee full
reproducibility.

3. Results & Discussion

Starting from these initial conditions, the model converged at baseline to a steady state dopamine (DA) turnover after 6-8 minutes showing
low levels of cytosolic DA (= 45 nM), negligible accumulation of DOPAL (= 5.2 nM), and sub-micromolar H,O» production (= 0.22 uM).
Flux partitioning was more in favor of oxidative deamination with 58% via MAO and 42% by COMT with an oxidative cost of 0.58 mol
H>0O; per mol DA catabolized since each MAO-catalyzed event generates one HyO, molecule. Single exponential fits gave time constants of
300 to 360 s for DOPAL, and ~ 240 s for H,O; = indicating redox buffering kept pace with production at rest.

Table 1: Baseline steady-state pools and flux partitioning

Output (units) Baseline value
Cytosolic DA (nM) 45.0
DOPAL_ss (nM) 5.2

Hy0,_ss (uM) 0.22

MADO fraction of DA catabolism  0.58

COMT fraction 0.42

Oxidative cost (H,O, / DA) 0.58

Time to 95% steady state (s) 360 (DOPAL),

240 (H,07)
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Perturbations relevant to schizophrenia increasing MAO activity (+50%), reducing COMT capacity (-35%, Val158 Met proxy), and lowering
the GSH pool (-40%) revealed distinct control points. MAO7T increased DOPAL and H,O; formation and lowered cytosolic DA by
accelerating deamination; COMT] re-routed flux toward MAO, modestly elevating oxidants; GSHJ did not increase production but slowed
clearance, elevating steady-state HyO, and prolonging DOPAL lifetime. When combined, these perturbations produced supra-additive
increases in both aldehyde and peroxide loads.

Table 2: Key steady-state outputs across scenarios

Scenario DA cyt DOPALss H;02.ss MAO Oxidative T 95% (s)
(nM) (nM) (uM) Fraction cost DOPAL / H,O,

Baseline 45 5.2 0.22 0.58 0.58 360 /240

MAO T +50% 35 11.0 0.29 0.71 0.71 300/ 220

COMT | -35% 42 6.1 0.246 0.66 0.66 380/ 250

GSH pool | -40% 45 6.5 0.297 0.58 0.58 420/ 320

Combined 30 14.0 0.35 0.74 0.74 340/ 260

(TMAO, |COMT, |GSH)
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Figure 1: Time-courses of DOPAL (nM) over 60 min for baseline vs. MAOT, COMT., GSHJ, and the combined condition; the combined trace rises fastest
and plateaus highest

To quantify near-term aldehyde hazard, we integrated DOPAL over 60 minutes. MAO?T more than doubled the area-under-curve (AUC),
COMT] increased it modestly by redirecting flux, and GSH] raised AUC by slowing removal (longer half-life). The combined condition
produced the largest burden, consistent with interacting control of production and clearance.

Table 3: DOPAL burden metrics (60-min window)

Scenario Peak DOPAL (nM) DOPAL AUC (nM-min) DOPAL half-life (min)
Baseline 5.6 16 4.0
MAO 1 +50% 11.8 34 3.6
COMT | -35% 6.8 19 4.2
GSH pool | -40% 7.1 21 5.0

Combined 15.3 43 3.8
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Figure 2: Bar plots of flux partitioning (MAO vs. COMT) and oxidative cost (H,O, per DA) across scenarios; MAO share—and thus oxidative cost—increase
stepwise and peak in the combined case

We next asked whether targeted compensations can mitigate the combined stress. Two interventions were tested: ALDHT (+25%) to
accelerate DOPAL detoxication and GSH restoration (+30%) to enhance H>O» clearance via GPx/GR. On the combined background,
ALDHT reduced DOPAL_ss by ~ 39% (14.0 — 8.5 nM) and the DOPAL AUC by ~ 41%, with a modest drop in H,O; (-17%). GSH
restoration primarily lowered HyO;_ss by ~ 21% (0.35 — 0.276 uM) and reduced DOPAL _ss by ~ 18% via improved redox tone. As
expected, the oxidative cost (H2O2 per DA) remained governed by MAO share and was unchanged by downstream detoxication.

Table 4: Rescue simulations on the combined background

Intervention DOPALss H;03ss DOPAL AUC  Oxidative cost
(nM) (uM) (nM-min) (H202/DA)
Combined (no rescue) 14.0 0.350 43 0.74
+ ALDH T +25% 8.5 0.290 25 0.74
14+ mmm DOPAL_ss (nM)
mm H202 ss (UM)
12
.10
=
=
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Figure 3: By-side bars comparing DOPAL _ss and H,O; _ss for combined vs. ALDHT vs. GSH restoration, illustrating complementary benefits (aldehyde-
focused vs. peroxide-focused).

Finally, global sensitivity analysis (2,500 Latin-hypercube parameter sets; +30% kinetics, +50% pool sizes) ranked MAO Vmax, ALDH
Vmax, and the GSH pool as dominant determinants of DOPAL and H>O», with GPx and catalase contributing substantially to peroxide
control; COMT Vmax chiefly controlled flux partitioning (and thus oxidative cost) rather than absolute peroxide at fixed MAO. Transport
parameters (VMAT?2, DAT) modulated cytosolic DA exposure and indirectly constrained aldehyde formation.
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Table 5: Sobole sensitivity indices (first-order S; / total-effect ST)

Parameter DOPALss H;0;_ss Partition (MAO share)
(S;/ST) (S;/ST) (S;/ST)
MAO Vmax 0.33/0.52 0.41/0.56 0.29/0.44
ALDH Vmax 0.31/0.47 0.18/0.32 0.06/0.12
GSH pool 0.22/0.40 0.29/0.44 0.04/0.10
GPx Vmax 0.14/0.29 0.21/0.38 0.03/0.08
Catalase Vmax 0.10/0.22 0.18/0.33 0.02/0.06
COMT Vmax 0.09/0.20 0.12/0.23 0.31/0.49
VMAT?2 rate 0.07/0.15 0.05/0.12 0.03/0.09
DAT rate 0.05/0.13 0.04/0.10 0.02/0.06
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Figure 4: Bar charts of Sobol S; and ST for DOPAL _ss and H,O;_ss, highlighting MAO, ALDH, and GSH as top levers

Local steady-state control coefficients mirrored these global rankings: d In (DOPAL _ss)/d In(ALDH Vmax) = -0.57, d In(H20;_ss)/d
In(MAO Vmax) = +0.62, d In(H0_ss)/ d In(GSH pool) = -0.48, and dIn(Partition_.MAO)/ d In (COMT Vmax) = -0.53—underscoring
ALDH as the principal sink for aldehydes, MAO and GSH as co-determinants of peroxides, and COMT as the main governor of flux

partitioning.

Table 6: Selected steady-state control coefficients (baseline)

Output \ Parameter MAO Vmax ALDH Vmax GSHpool GPxVmax COMT Vmax
DOPAL _ss +0.49 -0.57 -0.18 -0.12 -0.06
H05ss +0.62 -0.15 -0.48 -0.41 -0.08
Partition (MAO share) +0.44 -0.03 -0.02 -0.01 -0.53
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Figure 5: Heatmap of control coefficients indicating strongest levers on DOPAL (ALDH) and H,O, (MAO and GSH/GPx)

Integrated interpretation. Three principles emerge. (i) The oxidative cost of DA signaling scales with the MAO share of catabolism; any
shift away from COMT (e.g., COMT down-shift) incrementally raises H>O; yield per unit DA turnover. (ii) The aldehyde hazard (DOPAL)
depends not only on production by MAO but primarily on ALDH capacity when ALDH saturates or is low, DOPAL accumulates nonlinearly.
(iii) Redox reserves (GSH pool with GPx/GR and NADPH supply) determine steady-state peroxide levels and the duration of oxidative
transients; low GSH exaggerates H,O, and prolongs DOPAL persistence, making modest changes in MAO/COMT more consequential.
Consequently, dual-lever strategies ALDH support for aldehydes plus GSH/NADPH support for peroxides offer complementary control of
biochemical risk under schizophrenia-relevant stressors.

4. Conclusion

We developed a redox-coupled kinetic model that quantitatively links dopamine catabolism to the generation and detoxication of DOPAL
and HyO,. At baseline, the system stabilized at low cytosolic DA (= 45 nM), with minimal DOPAL (=~ 5.2 nM) and sub-micromolar
Hy0, (= 0.22 uM), and a flux split favoring MAO (58%), which sets an oxidative cost of 0.58 mol H,O, per mol DA catabolized.
Schizophrenia-relevant perturbations shifted this balance: MAOT (+50%) raised DOPAL and H,O» (to 11.0 nM and 0.29 uM), COMT.]
(-35%) redirected flux toward MAO (cost 0.66), and GSH (-40%) slowed peroxide clearance (H2O2_ss 0.297 uM; DOPAL half-life 5.0 vs
4.0 min). The combined condition produced the largest burden (DOPAL_ss nM; H2O3 _ss 0.35 uM; cost 0.74). Two simple interventions had
complementary benefits: ALDH? (+25%) lowered DOPAL _ss to 8.5 nM and cut AUC by ~ 41%, while GSH restoration (+30%) reduced
H;05 _ss to 0.276 uM and modestly decreased DOPAL. The global sensitivity analysis placed MAO Vmax, ALDH Vmax and GSH pool as
the main levers. These findings lend support to a two-lever strategy-enhancement of ALDH against aldehydes and GSH/NADPH against
peroxides-for managing the oxidative consumption of dopamine signaling, and offer drivers for experimentally negligible interventions.
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