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Mathematical model
for glutathione dynamics
in the retina

Atanaska Dobreva'*?, Erika Tatiana Camacho?? & Maria Miranda*

The retina is highly susceptible to the generation of toxic reactive oxygen species (ROS) that disrupt
the normal operations of retinal cells. The glutathione (GSH) antioxidant system plays an important
role in mitigating ROS. To perform its protective functions, GSH depends on nicotinamide adenine
dinucleotide phosphate (NADPH) produced through the pentose phosphate pathway. This work
develops the first mathematical model for the GSH antioxidant system in the outer retina, capturing
the most essential components for formation of ROS, GSH production, its oxidation in detoxifying
ROS, and subsequent reduction by NADPH. We calibrate and validate the model using experimental
measurements, at different postnatal days up to PN28, from control mice and from the rd1 mouse
model for the disease retinitis pigmentosa (RP). Global sensitivity analysis is then applied to examine
the model behavior and identify the pathways with the greatest impact in control compared to RP
conditions. The findings underscore the importance of GSH and NADPH production in dealing with
oxidative stress during retinal development, especially after peak rod degeneration occurs in RP,
leading to increased oxygen tension. This suggests that stimulation of GSH and NADPH synthesis
could be a potential intervention strategy in degenerative mouse retinas with RP.

Reactive oxygen species (ROS) are byproducts of the normal metabolic function of any cell in the body and
damage proteins, lipids and nucleotides, thereby interfering with a myriad of important cellular processes'.
The retina of the eye constitutes an ideal model to study ROS and cellular redox/antioxidant defense systems.
Due to light absorption, exposure to oxygen tension, and high metabolic and energy demands, the retina is an
environment highly susceptible to the formation of ROS, including oxidants and free radicals, which damage
cellular proteins and lipid membranes'~. The retina houses the sensory cells responsible for vision, rod and cone
photoreceptors, which are the most metabolically active cells in the body*’. Among the systems of retinal cells
to mitigate ROS and manage oxidative stress, a principal one is glutathione (GSH), and it relies on nicotinamide
adenine dinucleotide phosphate (NADPH)'. The interplay between ROS and the GSH redox system underlies
the vitality of many other cells in the body, as well.

The central nervous system (CNS) depends almost exclusively on glucose to obtain energy, and the retina is
part of the CNS. The retina has the highest relative energy consumption compared to other tissues, and its energy
metabolism relies heavily on a regular supply of glucose from the bloodstream®. Glucose from the choroidal
circulation must pass through the retinal pigment epithelium (RPE) in order to reach the photoreceptors’. In
vertebrates, photoreceptors are some of the cells with most active metabolism, and even compared to the brain,
they use more glucose as a metabolic fuel®. CNS brain neurons are mainly fueled by glucose metabolized through
OXPHOS; however, in photoreceptors most glucose is metabolized into lactate by aerobic glycolysis’. The lactate
is then exported to the RPE and Miiller glial cells for their nourishment’. While glucose is the preferred sub-
strate for energy production in retinal neurons, under certain circumstances, including cell degeneration and
glucose-deprived conditions, they use alternate fuel substrates in order to improve metabolic efficiency®'". For
example, glucose is the main substrate that photoreceptors utilize to create ATP in vivo'?, but they can oxidize
lipids, lactate, and use amino acids, fatty acids (such as palmitate) and other intermediate substrates to produce
ATP, especially under glucose-deprived conditions'*-'2.

As part of metabolic processes in photoreceptors, glucose is converted to pyruvate. A portion of pyruvate
enters the mitochondria where it is used to fuel energy production via the citric acid cycle and oxidative phos-
phorylation (OXPHOS). OXPHOS requires the presence of oxygen, and oxygen conversion into water occurs in
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the inner mitochondrial membrane. If the conversion process is interrupted and cannot be completed, there is
leakage of electrons from the mitochondrial respiratory chain®'?, and this increases the generation of superoxide
anions (O;)', which are precursors of most types of ROS™. This occurs in RPE cells and other retinal cells as well.

In addition to O, other types of ROS include hydroxyl radical (OH®), hydrogen peroxide (H; O3), and

singlet oxygen (* O ,)!°. When oxygen accepts one electron, it becomes O, and if it subsequently takes another
electron and two protons, it becomes H,O5, and an additional electron splits H,O5, into OH® and a hydroxyl
anion (OH ™) via Fenton reaction’®. Apart from ROS being created as a result of oxidative glucose metabolism,
the constant exposure of retinal cells to sunlight and artificial light triggers the production of ROS'®"7, especially
with photosensitizers present, such as retinoids'®'%, and leads to photo-oxidation'’. Though the cornea and lens
absorb most of the ultraviolet (UV) radiation, a small fraction of it can reach the retina. In this sense, ROS can
arise as a result of photochemical reactions and exposure to UV light. Blue light, the high-energy short-wave
light, can penetrate the cornea and lens, reaching the retina and ultimately inducing photochemical damage!®*°.
Photo-oxidative damage occurs when light interacts with endogeneous chromophore molecules, such as visual
pigments. The absorption of light by chromophores puts them in a state of high excitation marked by a ten-
dency to undergo rapid chemical reactions with other molecules, including molecular oxygen, which can lead
to the production of ROS**?!. Photo-oxidation is exacerbated during retinal degeneration and progressive loss
of photoreceptors, as the choroid cannot alter the inflow of oxygen supply in response to the changing retinal
environment, so the remaining photoreceptors become exposed to a higher oxygen level®*.

Formation of ROS via photo-oxidation affects the rods more severely since these cells detect dim light to
provide night vision and are more vulnerable to damage induced by daylight®®. ROS are also created as a result
of phagocytosis by the RPE of the photoreceptors’ light absorbing photo-pigments contained in the outer seg-
ments (0S)?%. The OS membranes are composed of lipids with high concentration of polyunsaturated fatty acids
(PUFASs), which are prone to being oxidized by ROS!. Both rods and cones shed approximately 10% of their OS
daily, and the discarded OS tips are ingested by the RPE®. Inefficiency of the phagocytosis process leads to the
formation of residual lipid-protein granules that cannot be degraded, known as lipofuscin, and generation of
ROS occurs from the constant exposure of lipofuscin to light and oxygen tension’.

The retina has enzymatic mechanisms for scavenging of free radicals as well as intrinsic antioxidant and redox
systems for dealing with other types of ROS'. Singlet oxygen is primarily detoxified by carotenoids (naturally
occurring pigments in the macula) like lutein and zeaxanthin’. Superoxide dismutase is an enzyme converting
superoxide anion to oxygen and hydrogen peroxide. The latter are less harmful components that do not have as
much oxidation power'*. Hydrogen peroxide is mainly neutralized by the enzyme catalase, which turns hydrogen
peroxide into water and oxygen, and the tripeptide glutathione (GSH), which converts hydrogen peroxide into
water through a reducing reaction catalyzed by the enzyme glutathione peroxidase (GPX). GSH is also capable
of reducing other ROS through nonenzymatic reactions', and these reactions result in significant degradation
of GSH*.

In addition to ROS, GSH can be involved in the detoxification of fatty acid, phospholypid and cholesterol
hydroperoxides as well as reactive aldehydes. In the course of reducing reactions GSH is converted to its oxidized
form (GSSG). Glutathione reductase (GSR), which uses NADPH as a cofactor, converts GSSG back to GSH"?’.
Under normal conditions, the ratio of GSH to GSSG ranges from 100:1 to 20:1. Under oxidative stress, the GSH/
GSSG ratio ranges from 5:1 to 1:1%,

In photoreceptors, NADPH is produced mostly from glucose-6-phosphate (G6P) through the pentose
phosphate pathway (PPP)°. Apart from being a necessary co-factor for the reductases of the cellular antioxi-
dant systems, including GSR which reduces GSSG, NADPH also participates in the synthesis of fatty acids and
in the cones’ visual cycle. Fatty acids are constituents of phospholipids needed to create cell membranes and
nucleotides®*°. NADPH serves as a co-factor, providing reducing equivalents, in particular hydrides (negatively
charged hydrogen ions), for the biosynthetic enzymes keto reductase and enoyl reductase, which are involved
in the anabolic reactions to create fatty acids needed to regenerate the lipid-rich photoreceptor OS. This process
converts NADPH to its oxidized form NADP!. Additionally, NADPH is used in the visual cycle of photorecep-
tors for the conversion of the isomerized light-absorbing chromophore retinal back to its native state®?.

GSH biosynthesis involves two enzyme-catalyzing steps that require ATP. First, glutamate-cysteine ligase
(GCL) catalyzes the conjugation of cysteine and glutamate, which results in the formation of y-glutamylcysteine.
Next, glycine is added to y-glutamylcysteine to generate y-glutamyl-cysteinyl-glycine or GSH, and this second
step is catalyzed by glutathione synthase®. The presence of ROS stimulates the production of GSH by increasing
cystine uptake and promoting the expression of GCL*. In addition, GSH regulates the balance of its production
and utilization by feedback inhibition of the reaction catalyzed by GCL***>.

Imbalances in the GSH system can contribute to the development of retinal diseases, such as age-related
macular degeneration, glaucoma, diabetic retinopathy, and retinitis pigmentosa (RP). In RP genetic mutations
lead to death of rod photoreceptors, and as a significant number of rods is lost, then cones begin to degenerate?.
The rd1 mouse is a common animal model used to study RP in which the expression of over 60 genes, related to
proliferation, apoptosis, and transcription, is modified via a mutation in the phosphodiesterase-6 gene, which
affects the metabolism of cyclic guanosine monophosphate. Due to these genetic alterations, the rdI retina suffers
metabolic disturbances that through various mechanisms cause degeneration of rods®. The peak in rod degenera-
tion in the rd1 mouse occurs between postnatal day (PN) 11 and PN13, and by PN20 all rods have degenerated™.

GSH redox dynamics have been included within kinetic models for metabolism of fungi®®, yeast®,
erythrocytes®, and liver*'-*¢, kidney*’, immune*® and cancer cells**°. However, the GSH redox system has not
been studied in the retina from a mathematical modeling perspective. To address this knowledge gap, here we
develop a mathematical model that incorporates the most essential molecular elements for NADPH production,
ROS generation, GSH synthesis, and detoxification of ROS by GSH in the outer retina, formed by photoreceptors
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Figure 1. Diagram for model of the GSH system and its inputs. Model outputs are designated with brown
boxes; processes and interactions are depicted with blue arrows. G6P is produced from glucose. A proportion ®
of G6P is diverted to the PPP to produce NADPH. A proportion (1 — &) of G6P is used to synthesize F16BP, of
which proportion q is diverted to the Kennedy pathway for the production of lipids, and proportion (1 — g) is
directed to the pathway for pyruvate synthesis. p approximates the proportion of pyruvate diverted to OXPHOS
in the mitochondria. ROS is generated due to photo-oxidation and as a consequence of electron leakage from
the mitochondrial respiratory chain. GSH regulates its own production via feedback inhibition. In the course of
detoxifying ROS, GSH is oxidized to GSSG, and the conversion of GSSG back to GSH relies on NADPH. G6P:
glucose-6-phosphate, F16BP: fructose-1,6-bisphosphate, PPP: pentose phosphate pathway, ROS: reactive oxygen
species, GSH: reduced form of glutathione, GSSG: oxidized form of glutathione.

and the RPE (see Fig. 1). Since visual function depends on normal outer retina operations, which are susceptible
to disruption due to the highly oxidative retinal environment, it is crucial to understand the role of the GSH redox
system in maintaining homeostasis. We explore the glucose divergence into the PPP and OXPHOS as well as the
creation of ROS through mitochondrial leakage and the mitigation of ROS by the GSH redox system. Taking
a mathematical modeling and analysis approach allows us to study the relative contribution of each pathway
captured in the resulting model. We calibrate and validate the model with experimental data from control C3H
mice and from the rdI mouse model for the disease RP¥. Additionally, we perform global sensitivity analysis
to examine which pathways have the greatest impact on ROS and the GSH redox system in control compared
to RP conditions.

Methods
Mathematical model. The model diagram in Fig. 1 illustrates the essential reactions and feedback mecha-
nisms among ROS, GSH, GSSG, NADPH and G6P in the outer retina, which we focus on and model as a system
of ordinary differential equations (ODEs), where all parameters are non-negative. The concentrations of ROS,
GSH, GSSG, NADPH and G6P are given by the model variables [ROS], [GSH], [GSSG], [NADPH] and [G6P],
respectively.

NADPH plays an essential role in the gluthatoine redox system of the photoreceptors and the RPE. NADPH,
derived from glucose via the PPP, is the ultimate electron donor that reduces the downstream proteins in the
GSH antioxidant system. Thus, in addition to being a preferred energy substrate of retinal neurons, glucose is
also a key driver of the redox system'S. Consistent with this, glucose, defined as G in our model, is the substrate
for the reaction rate in the production of [G6P] (Eq. (5) below), which is modeled as an allosteric reaction. As
mentioned in the Introduction, there are many factors that contribute to ROS including oxygen and blue light
that can penetrate the cornea and lens and induce photochemical damage'®?’. However, in this study we are not
explicitly modeling how ROS is created from photo-oxidation; our mathematical model incorporates in the term
r all the factors that contribute to ROS and that are not part of the metabolism of glucose.

Reaction rates. Certain forms of ROS, such as hydrogen peroxide, serve as a substrate for the enzyme glu-
tathione peroxidase (GPX), which catalyzes the oxidation of glutathione to GSSG. GSH is also a co-substrate
used by GPX to reduce ROS®!. Thus, GSH serves to reduce ROS, and both act as substrates in the detoxifying
reaction. Assuming a sequential reaction, where the enzyme, GPX, must bind to both substrates, ROS and GSH,
for the reaction producing GSSG to occur and letting ROS and GSH to be the leading and following substrates,
respectively,

V mas,ys| ROS][ GSH]
Ksiros Kmasu + Kimjros) [ GSHI + Kinj gon, [ ROS] + [ ROS][ GSH]

V[ GSSG] =

is the the reaction rate for GSSG.

Here, V may is the maximal velocity of the reaction with both substrates, ROS and GSH, present at saturating
concentrations, K, is the concentration of one substrate, say ROS in the case of Km[ ros p NECESsary to achieve
half V max when the other substrate, GSH, is present at a saturating concentration, and K is the dissociation
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constant from the enzyme, GPX®>%. This approach is also applied to the rate of the reaction reducing GSSG,
facilitated by NADPH. Thus,

V max,a, [ GSSGI[ NADPH]
|| NADPH] + Ko/ yops | [ GSSGI + [ GSSGI[ NADPH]

V[GSH] = X

S[GSSG | Kin

[ NADPH | + Km[ GSS

where vj gsn describes the rate of the reaction in which GSSG is reduced by glutathione reductase (GSR) and
returns to the form GSH, which requires NADPH and GSSG as co-substrates. For further information on the
form of the terms v[gssg) and v(gsHj, we refer the interested reader to Enzyme Kinetics: Catalysis & Control
(2010) by Daniel L. Purich®.

Differential equations. 'We model the dynamics of the concentration of NADPH as follows

d[NADPH] _ V,[G6P ]
dt ~ K24+[G6P]?

— O NADPH | V[ GsH] — " NaDPH |[ NADPH]. (1)

NADPH is produced from G6P via the PPP (defined by %@ where ® quantifies the proportion of

G6P diverted to the PPP)*. NADPH is lost due to being involved in the conversion of GSSG to GSH (defined by
BZ[QN ;}DPH Vi gsa) > as well as from utilization in other biosynthetic processes (defined by n xappr |[ NADPH]
)5

The temporal behavior of the concentration of ROS is described with the equation

d[ROS] o(1 ) i [G6P § (1—-)+ 0 [ ROS]
— Q) 51— r— v —n .
at 4 [GeP |2 [ ROS V[ GSSG] [ROS] (2)

ROS is created due to photo—oxidation and other factors that are not part of glucose metabolism (represented
by r)!>17. ROS is also generated as a consequence of electron leakage from the mitochondrial respiratory chain,

. _ V[ GeP | _ V[ GeP |? B

illustrated by p (1 — q) W (1 — ®), where 71{/2-"[ Gop T’ (1 — @) reflects the reaction of G6P down the glyco-
lysis pathway and q is the proportion of the metabolite diverted to the Kennedy pathway for the production of
lipids. The term (1 — g) % (1 — @) approximates the production of pyruvate, and p quantifies the propor-

tion of pyruvate diverted to the mitochonria, where in the process of OXPHOS, electron leakage from the
mitochondrial respiratory chain leads to the generation of ROS>". The level of ROS decreases due to enzymatic
reduction by GSH (which we model with the term 6] ros 1] GssG)>>* as well as nonenzymatic reduction by GSH
and activities of other antioxidant compounds (represented by [ ros [ ROS])"".

The dynamics of the concentration of GSH are modeled as

d[ GSH] _ S[GSH |
dt 1+ opgsu [ GSH]

+ v GsH] — V[ GssG] — h[GsH ][ GSH]. (3)

1,33-35

GSH inhibits its own production , which in equation (3) is defined by the term ;L] ;> where s{ GsH |

1+o(gsu [ GSH

represents the rate at which GSH is produced, and the parameter o[ gsu ] controls the st[reng]th of inhibition that
GSH exerts on its production. The GSH level increases due to the conversion of GSSG to GSH (characterized by
vrgsHy) and decreases as GSH is converted to GSSG due to enzymatic detoxification of ROS (defined by the
reaction rate v[ gssgp)'. In addition, GSH is lost from utilization in nonenzymatic ROS reduction and detoxifica-
tion of other harmful compounds as well as degradation (and we incorporate this loss by nj gsir [ GSH]). As
GSH cannot readily cross the cellular membrane due to its biochemical properties®, we assume that GSH excre-
tion is negligible and do not account for it in the equation.

The dynamics of the concentration of GSSG are governed by the equation

d[ GSSG]

2 = VIGSsGl ~ V[GsH] — npassG 1L GSSGI. (4)

The GSSG concentration increases as GSH is oxidized in enzymatic detoxification of ROS (defined by v gssg))-
The pool of GSSG is depleted as GSSG is reduced back to GSH (represented by vj gsgy)' and due to the cellular
excretion of GSSG (defined as n[ gssg 1[ GSSG])*". In the extracellular space GSSG is broken down into glutamate,
glycine and cysteine residues®'.

Finally, the dynamics of G6P are described as follows

d[G6P]  V,G? Vf[ G6P |? (1—®)— V[ G6P 12
. K2+G? K? + [ G6P ? K2 + [ GeP |? )
where K‘g 5 quantifies the reaction rate of glucose conversion to G6P, and the second and third term represent
ot

the diversions of G6P to glycolysis and the PPP, respectively. The input G represents the concentration of glucose
in the retina.
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Model analysis. Selection of parameters for estimation. 'The methodology to select parameters for estima-
tion involves first conducting local sensitivity analysis (LSA) to obtain a set of important parameters, and then
determining from this set of parameters which are identifiable, that is for which parameters a value can be identi-
fied from the data, taking into account the model structure. LSA shows the level of impact small changes in the
parameters/inputs of the model have on the model’s dependent variables/outputs, if the parameters are varied
one at a time. In LSA, a parameter is classified as important if small changes in the parameter have a large impact
on the output level. The impact of a parameter on the output is indicated by the magnitude of the local sensitivity
coefficient g%) where y is the output and £ is the parameter. The local sensitivity coeflicients are calculated with
the Direct Method, where a system of sensitivity differential equations is solved directly together with the model
differential equations, % = f(y, &), using a numerical ODE solver.

According to the theory of local sensitivity analysis of ODE systems, where the system variables, y, are smooth

differentiable functions, to obtain the sensitivity differential equations, both sides of % = f(y, &) are differenti-
ated with respect to the parameters, &, that is % <%) = 8% (f(y, E))ss,sel The chain rule for differentiation is

applied on the right-hand side, & 7% (f (7, €)), yielding af B'V aé ag The calculus rule for interchanging the order
of dlfferentlatlon in a mixed derlvatrve is applied to the left hand side to interchange the order of differentiation

of y and obtain -% 5 (Zz ) equal to & ( Bé/ )"5 56
Thus, the sensitivity differential equations are of the form

d(8y> ooy  ofoE _ofdy of ©
9§ dyd& 9k 095 dyodt  9E

where the derivative of the model equations’ right-hand side with respect to the system variables is % and with

respect to the parameters is df The initial condition for each sensitivity differential equation is zero®. The initial

conditions for the model equations, Eq. (1)-(5), are as speciﬁed in Table 3.

Parameters with normalized local sensitivity coefﬁcrent greater than a specified threshold are regarded
as influencial and considered for estimation. In general, the threshold is a value greater than 10+/70l, where tol
is the integration tolerance in solving the model numerically (for this study tol = 10~8). Note that the solutions
of the sensitivity differential equations are vectors of values over the time interval we consider (PN11 through
PN28, expressed in minutes), so in calculating the normalized local sensitivity coeflicients (shown in Fig. 2), we
used the Euclidean norm of the vectors of local sensitivity coefficients.

In order to determine a set of identifiable parameters from the influencial parameters found with LSA we used
structured correlation analysis, in which pairwise correlation coefficients are computed from the entries in the
covariance matrix C for influential model parameters, obtained by C = (LTL)*l, where L is the local sensitivity

matrix containing the coefficients of important parameters to which the model outputs are sensitive to®. The
pairwise correlation coefficients are computed as follows

i )

If the magnitudes of the pairwise correlation coeflicients are less than 0.90, the parameters in the pair are
considered identifiable and can be estimated together®.On the other hand, parameters with pairwise coefficient
greater than 0.90 in magnitude are considered correlated and thus cannot be estimated together.

corjj =
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Figure 2. LSA results for [GSH] and [GSSG] for control (A, B) and RP case (C, D), where the most influential
parameters have sensitivity coefficient greater than a threshold of 1071, For ease of readability, V max,,, i
displayed as V oxiq and V max,, . is displayed as V redyc.
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Model calibration and validation. For calibration and validation of the mathematical model we used data from
experiments with rd1 and control C3H mice where the retinal concentrations of GSH and GSSG were measured
at different postnatal days (PN). Measurements at PN11, PN17, PN28 were available from a previously published
study (Gimeno-Hernéndez et al. (2020))*. The protocol of the experimental study was approved by the Animal
Ethics Committee of CEU Cardinal Herrera University and in accordance with the Association for Research in
Vision and Ophthalmology’s (ARVO) guidelines for use of animals in eye research. The experimental proce-
dures involved euthanization of mice followed by dissecting and homogenating the retinas from both eyes of
each mouse and utilizing the Reed method* to measure the concentrations of GSH and GSSG, and the Lowry
method® to quantify protein concentrations®. We also used an unpublished data set with measurements for
GSH and GSSG collected at PN13 and PN15 for control mice, and at PN12, PN13 and PN15 for rdI mice. The
unpublished data was generated after the study of Gimeno-Hernandez et al. (2020), but before the conception
of this computational study. The mice were obtained from the Jackson Laboratory colony (The Jackson Labs,
Bar Harbor, ME, USA) and housed in the facilities of the Research Unit of CEU Cardenal Herrera University
(Valencia, Spain). The control and care of the mice were authorized by the CEU Cardenal Herrera University
Committee for Animal Experiments, and the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research as well as the ARRIVE guidelines were followed. Measurement of GSH, GSSG and protein concentra-
tion was done following the same experimental protocol as described in Gimeno-Hernéndez et al. (2020)¥. All
data are included in Table S2 in the Supplementary Information together with an explanation on conversion of
data values to the units of the mathematical model.

To calibrate and validate the model, we split the available experimental data into a calibration set and a valida-
tion set. Calibration is done performing parameter estimation, and validation involves calculating goodness of
fit (R?). Since at least three points are needed to calculate goodness of fit, the six data points from rd1 mice we
divided by including three points in the calibration set and three points in the validation set, with the first point
always being in the calibration set. For the remaining data points, we explored grouping cases to account for the
different possibilities of the points being included in either set. We also explored grouping cases in forming the
calibration and validation sets with the five data points from control mice, where the need for three data points
in the validation set necessitated repeating one of the calibration points in the validation set. The calibration and
validation results for all grouping cases are presented in the Supplementary Information, and for both control
and rd1, the case with best outcome, that is high goodness of fit value for both [GSH] and [GSSG], is included
in the “Results” section.

The calibration algorithm conducts a search for values for the estimated parameters in order to find values
such that the error, i.e., the difference between the calibration data measurements and the model output predic-
tions is minimized. We employ the least squares method which minimizes the error function

J(d€) = (d—fE) (®)

where & represents the parameters we estimate, d is the set of data measurements, and f (§) are the model output
predictions. We perform validation by simulating the model with the estimated parameter values and calculating
goodness of fit to the data measurements in the validation set.

For the control and rd1 grouping case presented in the “Results” section, we also compute 95 % confidence
interval (CI) for each estimated parameter by

£t (t;‘;/_zp) SE;, 9)

where é is the estimated parameter value, m is the number of data measurements, p is the number of estimated

parameters, tf;/_zp is the statistic of the t-distribution with m — p degrees of freedom at level of significance o (of
0.05), and SE; is the standard error for the estimated parameter value. The standard errors are approximated by

the square root of the diagonal elements of the covariance matrix for the estimated parameters
cov(é) =21~ (10)

s? is the approximation of the variance of the data measurement errors, obtained by s> = J i /(m — p), where
J min is the minimum of the error function from the parameter estimation®'. A confidence interval needs to be
computed for each parameter estimate because this allows to obtain a range for the parameter estimate, which
gives an indication about the uncertainty of the parameter value taking into account the quantity and variability
of the data.

Additionally, we compute prediction intervals for the [GSH] and [GSSG] model outputs based on the esti-
mated parameter values and compare these prediction intervals against all data measurements. The prediction
intervals are computed with

§i+ (t;/fp) \/32[1 +wl (LTL)"1w,), (11)

where J; is the model response value and w/ contains the values of the ith row of the sensitivity matrix L at the

time for which the prediction interval is formed®. The quantities tz/_z pand s are as defined earlier.

Global sensitivity analysis (GSA). GSA is a very useful tool to investigate the qualitative behavior of a math-
ematical model, and we have applied it previously to a model for cone photoreceptor metabolism®*%. In this
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study, GSA is used to examine which of the processes captured in the model for the GSH system are the most
important in a control mouse retina compared to degenerative retina with RP. The information obtained from
LSA aided in setting up and performing a more informed GSA. We conduct GSA with Partial Rank Correlation
Coefficient (PRCC), which is a global method where all input factors (model parameters and/or initial condi-
tions) are varied simultaneously using latin hypercube sampling. In latin hypercube sampling, the ranges over
which parameters vary are specified and subdivided into regions of equal probability with no overlap between
the regions. Next, an array of sample values is generated for each parameter by drawing a value from each region
at random and without replacement. With these parameter values, model simulations are performed to collect
information on an outcome of interest, which can be the model output or another outcome, and finally a PRCC
is calculated for each input factor. PRCC quantifies the influence of a model input on the output of interest thus
revealing the input factors that drive the largest changes in the level of the outcome of interest. An input factor
is considered impactful if its corresponding PRCC value has a magnitude greater than some threshold usually
set at 0.5, i.e., [PRCC| > 0.5, and the PRCC value is statistically significant with a p-value less than a specified
significance level. In this study, we used a significance level of 0.001. A PRCC value could be negative, indicating
that an input factor increase will cause the outcome of interest to decrease®.

Results

Parameters selected for estimation. Due to the amount of data available for [GSH] and [GSSG], two
parameters could be estimated. Thus, only the most influential parameters were considered for estimation and
included in the structured correlation analysis. In this study, we classified as most influential those parame-

ters which have normalized local sensitivity coefficient g—y £ greater than a threshold of 107! for both [GSH]
and [GSSG]. Also, the parameter set we analyze contains only influential parameters whose value could not be
informed from the literature.

Based on the results from LSA and structured correlation analysis, V nax,,; and 1 gssg | were the parameters
selected for estimation; V may,, is the maximum velocity of the reaction in which GSH becomes oxidized as it
detoxifies ROS, and n[ gssg | reflects excretion of GSSG into extracellular space where it becomes hydrolyzed.
As shown in Fig. 2, according to LSA in the control and the RP case, V max,,,; and 1| gssg | are in the set of most
influential parameters for both [GSH] and [GSSG]. The structured correlation analysis results presented in
Table 1 show V max, ., and [ gssg | to be identifiable since the magnitude of their pairwise correlation coefficient
is less then 0.90 with value of 0.48 and 0.35 in the control mice and RP rdI mice, respectively. We can also see
in Table 1 that the pair of parameters to estimate could not be s; gsy ] and 1] gssg | because these parameters are
correlated with the magnitude of their pairwise correlation coefficient higher than the threshold of 0.9 - equal
t0 0.96 and 0.97 for the control and RP case, respectively.

Among the possible choices of uncorrelated pairs, V max,,; and nj gssg ] are most suitable to estimate, as these
parameters capture processes most directly related with the [GSH] and [GSSG] components for which we have
the available experimental data.

Calibration and validation results. As explained in the “Methods” section, we explored different group-
ing cases in forming the calibration and validation sets for the control and rdI data. We first fit the model to
the calibration data, estimating the parameters V ax, ., and n[ gssg |- After that, in order to validate the model,
we simulate the system of equations with the estimated parameter values and calculate goodness of fit of the

Control

siasH] | Oros] | Vmaxp | T \7) n[GSSG]
siesH) | 1 -0.07 |0.54 0.53 -0.06 |0.96
Oros | 1 -0.69 |055 -0.73 |0.01
V maxew 1 0.19 077|048
r 1 -0.08 | 055
vV, 1 -0.05
N[ GSSG | 1
RP

siesH] |niGsH] |O(ros] | Vmaxuu | T Vo Kn N[ GSSG |
siesH) | 1 0.76 -0.04 |033 041 |-029 |011 |0.97
[ GsH | 1 0.15 0.05 025 |-036 |007 |0.65
6 rOS | 1 -080 |045 |-078 |0.10 |-0.06
V maxwia 1 0.15 0.77 -0.09 |0.35
r 1 -0.10 |0.02 |0.42
Vp 1 -0.10 |-0.23
Ky 1 0.11
N[ GSSG | 1

Table 1. Structured correlation analysis results for the control and RP case.
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[GSH] and [GSSG] simulation results to the validation set. The calibration and validation results for all cases are
included in the Supplementary Information.

The initial values for [GSH] and [GSSG], i.e.,[ GSH](0) and [ GSSG](0), respectively, are set to the initial point
in their corresponding data set (at PN11), and the initial [ NADPH] value, [ NADPH](0), is informed by under-
standing that the GSH concentration is 2 to 3 orders of magnitude higher than the concentration of NADPH?,.
[ G6P](0) is informed by experimental data from euglycemic Sprague-Dawley rat retinas®. For the control C3H
mice, [ ROS](0) is set to a very low level to reflect minor oxidative stress in control mouse retinas, and in the rd1
case, [ ROS](0) has a notably higher value to reflect increased oxidative stress.

In this section, for both control and rd1 we present the grouping case with best outcome, that is high good-
ness of fit value for [GSH] and for [GSSG]. For control, the calibration set consists of the [GSH] and [GSSG]
measurements at PN11, PN13 and PN15, and the validation set contains the data at PN15, PN17 and PN28.
For rd1, the calibration set consists of the [GSH] and [GSSG] measurements at PN11, PN12 and PN13, and the
validation set contains the data at PN15, PN17 and PN28.

Figure 3 presents the calibration and validation results for control. We see that the model simulations with
the estimated parameter values approximate the trends exhibited in the control validation data at PN15, PN17
and PN28 with goodness of fit R?> = 0.91 for [GSH] and with R? = 0.75 for [GSSG]. In addition, the levels for
[G6P], [ROS] and [NADPH] predicted by the model (see Fig. S1 in the Supplementary Information) are within
physiological ranges. Figure 4 shows the calibration and validation results for the rdI case. We see that the model
simulations with the estimated parameter values approximate the trends exhibited in the rdI validation data
at PN15, PN17 and PN28 with goodness of fit R? = 0.87 for [GSH] and with R? = 0.97 for [GSSG]. Again, the
levels for [G6P], [ROS] and [NADPH] predicted by the model (see Fig. S1 in the Supplementary Information) are
within physiological ranges?%>%. Table 2 presents the estimated values for the parameters V max, ., and n[ gssG |
and their corresponding 95% confidence intervals. For both the control and the rd1 case, the confidence inter-
vals reveal notable level of uncertainty in these parameters. It should also be noted that the intervals contain the

_0.03—— — 1 x1073
s —R°=091| = ‘ ‘ 5 1
= = 5 R* = 0.75;
=0.02 =
T ] e KO
S.0.01/ 6, ! | | | “
2 3 4 2 2.5 3 3.5 4
Time (mins)  x10* Time (mins) %x10%

Figure 3. Model calibration and validation results with control data. Parameter values and initial conditions as
given in Table 3. Calibration data shown with circles. Validation data shown with squares.
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Figure 4. Model calibration and validation results with rd1 data. Parameter values and initial conditions as
given in Table 3. Calibration data shown with circles. Validation data shown with squares.

Control rdl
Parameter | Estimated value 95 % CI Estimated value 95 % CI
V maxouia 1.6225 x 107! mM:- min~! | (3.8344 x 1074,5.3013 x 1071 7.5956 x 107> mM: min~! (1.8315 x 1074,3.0760 x 1072)
1 GSSG | 6.0728 x 10~*min~! (2.4276 x 1077,1.2143 x 1073) | 1.2526 x 104 min~! (1.5106 x 107°,1.6989 x 1073)

Table 2. Confidence intervals for estimated parameter values.
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Figure 5. Prediction intervals for control (A, B) and RP conditions (C, D). Parameter values and initial
conditions as given in Table 3. Calibration data shown with circles. Validation data shown with squares.

estimated values for these parameters obtained in the calibration and validation results for the other grouping
set cases shown in the Supplementary Information.

The results for the prediction intervals, computed based on the estimated parameter values from Table 2,
are displayed in Fig. 5, and we see that both for the control and RP conditions, there is agreement between the
prediction intervals for the model outputs [GSH] and [GSSG] and the data. The larger width of the prediction
intervals is due to the noted parameter uncertainty.

GSAresults. GSA is applied to more thoroughly investigate the model and to determine the most important
processes in a control mouse retina compared to RP conditions. The input factors V max, 4. Kingxappn p Kinj gssa)
were varied over ranges available from literature ([0.048, 0.056], [0.0076, 0.008], [0.032, 0.036], respectively®’).
The estimated parameters, V may,,, and 1| gssg | were varied over their corresponding 95 % confidence interval
from Table 2. Due to unavailability of data, the remaining input factors were varied within 70% of their nominal
values in Table 3.

In this paper, we consider as outcomes of interest the [GSH]/[GSSG] ratio and the model outputs for the con-
centration of NADPH, ROS and G6P at time points for which calibration and validation data measurements are
available (PN12, PN13, PN15, PN17, PN28). The [GSH]/[GSSG] ratio is used since it is considered an indicator of
antioxidant capacity’’. The GSA results, presented in Table 4, constitute the parameters deemed to be influential
by PRCC, and the parameter lists are in decreasing order according to the magnitudes of the sensitivity measures.
Input factors whose corresponding PRCC value is negative are designated with a negative sign in parentheses. The
PRCC values for the influential input factors are shown in Table S3 in the Supplementary Information. Figure 6
displays the PRCC output with [GSH]/[GSSG] ratio at PN28 as outcome of interest for the control C3H mice
and the RP rd1 mice. From the input factors shown, those with |[PRCC| > 0.5 are the ones included in Table 4.

[GSH]/[GSSG] ratio. 'The PRCC results show that for all postnatal days under control conditions and for PN28
under RP conditions, the [GSH]/[GSSG] ratio is most sensitive to changes in ROS creation due to photo-oxi-
dation, represented by the parameter r. This parameter also has strong influence for the other postnatal days in
the RP case. An increase in r makes the ratio decrease. This shows that in the postnatal period up to PN28 as
more ROS is generated due to photo-oxidation, the retina experiences greater oxidative stress, as indicated by
the [GSH]/[GSSG] ratio which has been documented in the literature?.

In RP conditions, the most influential parameter for [GSH]/[GSSG] on PN12 is 1| gssg jand on PN13, PN15,
and PN17 the most influential parameter is V max,;;- The parameter V nax, ., also plays a role through the remain-
ing postnatal days, and #[ gssg | has an impact at PN13, PN15 and PN17 as well. On the other hand, in control
conditions, 7| gssg | does not appear as influential, and V pax, ;, exhibits importance in relation to the [GSH]/
[GSSG] ratio only on PN12. The parameter n[ gssg | reflects cellular excretion of GSSG, and the corresponding
PRCC value is positive. This means that during postnatal development in diseased retinas, greater excretion of
GSSG, into extracellular space where it get hydrolyzed, could lead to an increase in the [GSH]/[GSSG] ratio.
The parameter V yax,,,, represents the maximum velocity of the reaction in which GSH becomes oxidized as it
neutralizes ROS. An increase in V ay, ;> which accelerates the oxidation of GSH to GSSG, leads to a decrease
in the [GSH]/[GSSG] ratio.

In control conditions, Ky 54, impacts the [GSH]/[GSSG] level for all postnatal days, except PN17, and in
RP conditions, it is influential at PN28. The parameter Ks{gssq)is @ dissociation constant whose increased value
would lower the rate of the reaction in which GSSG is reduced to GSH, thereby greater GSSG concentration
would result leading to a lower [GSH]/[GSSG] ratio.
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Control rdl
Parameter Value References Value References
S[GSH 1.1 x 107 mM: min~! Tuned 1 x 107° mM- min~! Tuned
1 NADPH | 1.3 x 10 2min~! 49 1.3 x 10~ 2 min~! 49
n{ROS | 1.67 x 10> min~! o 1.67 x 10~° min~! ¥
n{GSH | 2.7 x 10~® min~! 49 3.5 x 10" min~! Tuned
N[ GSSG | 6.0728 x 10~*min~! Estimated 1.2526 x 10~*min~! Estimated
O(RrOS | 0.95 Tuned 0.95 Tuned
O NADPH | 0.1 Tuned 0.1 Tuned
V maxedue 5 x 1072 mM: min~! 7 5 x 1072 mM: min~! 7
V maxyia 1.6225 x 107! mM: min~! | Estimated 7.5956 x 107> mM- min~! | Estimated
Ky assa) 5.05 mM 49 5.05 mM »
Koy wapen 7.8 x 107> mM o7 7.8 x 107> mM 7
King s 3.4 x 1072mM & 34 x 1072mM s
Kong g 0.2 mM o 0.23 mM Tuned
Kingros) 0.45 mM 49 0.45 mM =
K ros) 5.4 mM N 5.4 mM 9
o] 0.76 o8 0.76 8
G 3mM o8 3mM o8
r 2 x 107® mM: min~! Tuned 5.7 x 107® mM: min~! Tuned
q 0.18 6 0.18 o8
P 0.1 9 0.1 0
O[GSH | 1 mM~! Tuned 1 mM™! Tuned
Vp 5 x 107® mM: min~! Tuned 5 x 10°® mM: min~! Tuned
K, 9 x 1072 mM o 9 x 1072mM o
Vi 1 x 107> mM: min~! Tuned 1 x 107> mM: min~! Tuned
Ky 0.1 mM Tuned 0.1 mM Tuned
Vau 1.5 mM: min~! Tuned 1.5 mM: min~! Tuned
Ky 1 x 107! mM Tuned 1 x 107'mM Tuned
IC Control rdl
[NADPH](0) 1.9 x 10~*mM 1.2 x 107 mM
[ ROS](0) 1078 mM 1074 mM
[ GSH](0) 1.9 x 1072mM 1.2 x 1072 mM
[ GSSG1(0) 1.8 x 107> mM 2.5x 107> mM
[ G6P](0) 2 x 1074 mM 2x 107*mM

Table 3. Parameter values and initial conditions (IC). * Explanation on conversions of parameter values from
references to the units used in this paper is provided in Table S1 in the Supplementary Information.

While in control retinas, the initial GSH amount [ GSH]p (at PN11) impacts the level of the [GSH]/[GSSG]
ratio for all examined postnatal days, except PN28, in the RP case [ GSH], does not appear to play a role. With
[ GSH]o, the initial GSH amount is denoted as an input factor in the sensitivity analysis to determine the impact
of the initial GSH concentration on the system. Each of the values for this input factor, generated by the latin
hypercube sampling, is used as an initial condition for GSH, [ GSH](0), in starting the numerical simulation. So,
this GSA finding suggests that in diseased retinas, the initial GSH level does not seem to be among the significant
process driving the system.

Additionally, 6| ros | exhibits importance in relation to [GSH]/[GSSG] ratio only in the control case. The
parameter 6| ros | is a modulating factor for the rate at which [ROS] decreases in response to the enzymatic
reducing reaction of GSH. As indicated by the positive PRCC value, higher 6 ros | results in an increase in
the [GSH]/[GSSG] ratio. This is because higher 6| ros |leads to a lower level of ROS, so less GSH gets used for
detoxification, which in turn leads to an increase in the [GSH]/[GSSG] ratio.

On the other hand in RP, Kj; o, and Kiyy oy, are impactful for all postnatal days, but they do not appear as
important in control conditions. The parameter Ky, 5, represents a dissociation constant whose increased value
would lower the rate of the detoxification reaction, causing less use of GSH and thus increased [GSH]/[GSSG]
ratio. Ky qg, gives the GSH concentration necessary to achieve half the maximal velocity of the reaction in
which GSH detoxifies ROS.

In addition, in RP conditions, the [GSH]/[GSSG] ratio is sensitive to changes in the parameter n NappH | at
PN15, PN17 and PN28, in other words after the peak of rod degeneration. The ratio is impacted by this parameter
on the same postnatal days in control conditions as well. Also, V}, is influential at PN13, PN15, PN17 and PN28
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Figure 6. PRCC values with [GSH]/[GSSG] ratio at PN28 as outcome of interest for control (A) and RP case
(B). (Input factors with PRCC values smaller than 0.01 in magnitude are omitted). From the parameters shown,
those with [PRCC]| > 0.5 are the influential ones included in Table 4. The lines in magenta are drawn at the values
of — 0.5 and 0.5. For ease of readability, V max,;, is displayed as V oyiq and V max, 4, is displayed as V reduc.

in control retinas and at PN28 in RP retinas. The parameter V), is the maximum velocity of glucose conversion
to G6P. Higher V), leads to a higher ratio due to larger production of G6P, and thereby more substrate for the
synthesis of NADPH, which is necessary to convert GSSG back to GSH. The parameter n napph ] reflects the use
of NADPH in processes other than the reduction of GSSG to GSH. An increase in nNappH | results in a lower
ratio, as there is less NADPH available to return glutathione to its reduced state. These findings underscore the
importance of NADPH in dealing with oxidative stress especially at times when most or all of the rods have
degenerated, thereby exacerbating photo-oxidation due to increase of inflow of oxygen.

[NADPH]. Inboth control and RP conditions, the level of [NADPH] is sensitive to changes in Vjand n NADPH |-
Higher V), leads to greater production of G6P from glucose and thus results in an increase in the [NADPH] level.
On the other hand, higher n[nappH ), which signifies diversion of NADPH to biosynthetic reactions, causes a
decrease in its level.

[ROS].  For all postnatal days in the RP case and for PN15, PN17 and PN28 in the control case, changes in r,
the parameter quantifying ROS creation due to photo-oxidation, drive the largest changes in the level of [ROS].
This indicates that as the retina matures or degenerates photo-oxidation becomes a main contributor to the gen-
eration and accumulation of ROS. Additionally, in both cases the parameters King gsry and Ky pos are influential
for PN12, PN13 and PN15. The ROS concentration is also impacted by 6[ ros jand V max,,, for all postnatal days
in control retinas, and in RP retinas these parameters have an impact at all postnatal days with the exception of
PN12 for | ros and PN28 for V may,,,- This suggests that the process of GSH-mediated ROS detoxification has
important influence on the level of [ROS] during retinal development and degeneration.

In control retinas, [ROS] is sensitive to changes in [ GSH], for all postnatal days except PN28, and under
RP conditions, [ROS] is sensitive to [ GSH]o at PN13, PN15 and PN17. On the other hand, n[ gssg | becomes
influential at PN28 only in the RP case. Finally, in both control and RP conditions, s; gsu ) exhibits importance
in relation to the level of ROS at PN28. This suggests that the GSH production process and cellular excretion
of GSSG are factors that would impact the level of [ROS] in diseased retinas after all rods have degenerated.

[G6P]. In control and in diseased retinas, the level of [G6P] is sensitive to changes in V), V;, Ky, @ for all
postnatal days. An increase in V), results in higher [G6P]. Vi, K, and @ are the parameters involved in the term
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Control conditions

(A) Outcome of interest [GSH]/[GSSG]

PN PRCC values

12 (=), [GSHJo, Vmax,,;; (=) Oros)s Ks G556 (=)

13 (=), Oros], [GSH]o, Vs K56 ()

15 (=), Oros)» Vs nixaven) (=), [GSHo, K6 ()

17 (=), Oros)» [GSHJo, V;y, nnaper (—)

28 (=), Oros)» Kiygsse (=) mnapen (=), Vo

(B) Outcome of interest [NADPH]

PN PRCC values

12 V., ninappm] (—)

13 V[h”NADPH( )

15 Vpon NADPH( )

17 Vo, nNADPH( )

28 Vp’ [NADPH]( )

(C) Outcome of interest [ROS]

PN PRCC values

12 Vmax,,;, (=), - [GSHJo(—), m[GSH]»QR()S< ): Ksios)
13 Vmax ;4 (=), 7 [GSHo(=)s Ko » Kmigepy » Oros) (=)
15 T Vmaxo.xid< )> Oros) (=), K’”[GSH] [GSH]o(—). K. S[ROS]
17 7, Vmax,,;, (—)» Oros) (=), [GSHJo ()

28 7, Bros) (—)» Sigsh) (—)s Vimax, , ()

(D) Outcome of interest [G6P]

PN PRCC values

2 K. V,. (= ) (=)

13 Ky, @(=), V. Va(—)

15 Ko, Vo, Va(— ) ()

17 Ko, Va (=), Vp, ®(—)

28 Ko Vo ®(—). V(=)

RP conditions

(A) Outcome of interest [GSH]/[GSSG]

PN PRCC values

12 niGssals Vmax,,; (=)s (= )K‘[ROS]’K’”[GSH

13 Vimax,,i (=) (=), Ku GsH)* ! GSSGJ’K‘[ROS

15 Vmax,ig (=)s 7(=)s Kingggpyy» MiGsscls Ksjgog)» inapem) (=)
17 Vimax,;, (=), r(= )’Km‘cg}_” s‘ROSsn[NADPH](_)’”[GSSG]
28 "(): Vinax, iy (s Ksjpog + K Kojgssg) () nvapeny () Vp
(B) Outcome of interest [NADPH]

PN PRCC values

12 V., ninappr] ()

13 Vp,’lNADPH( )

15 Voo NADPH( )

17 Vo, nNADPH( )

28 Vp’ [NADPH]( )

(C) Outcome of interest [ROS]

PN PRCC values

12 7 Vmax,,iq (s Ksgos)» Ky

13 r Vmaxuxid( )s Kin MGSH] ’KS[ROS]’ [GSH]o(=), Oros)(—)
15 7, Vimax,, (=) 9[Ros]( )s Ksigos) [GSHI0 (=), Ky
17 7, Vmax ;4 (=): Oros) (=) [GSH]o(—)

28 7, Bros) (=), SiGsn] (—): MGssa]

(D) Outcome of interest [GOP]

PN PRCC values

2 K. V. (=), Vu(=)

13 Ky, Vp, (=), V(=)

15 Ko V. Va(=), (=)

17 Km(D( ) (=) Vp

28 K, Va(=), (). V)

Table 4. PRCCC results for the model calibrated and validated to data for control and RP conditions. Colored
in teal are input factors that are influential in the control but not in the RP retina. Colored in pink are input
factors that are influential in the RP retina but not in the control. PN postnatal day.

that represents the diversion of G6P to the PPP for synthesizing NADPH. Increases in ®, the proportion of G6P
diverted to the PPP, and V,,, the maximum rate of NADPH production from G6P, cause [G6P] to decrease. On
the other hand, larger K,,, which is the half-limiting value of the NADPH maximum production rate, makes the
[G6P] level increase.
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Discussion

In this paper, we develop the first mathematical model of the GSH antioxidant system in the outer retina, cap-
turing the most essential components for ROS creation, GSH production, oxidation in neutralizing ROS, and
reduction as well as the diversion of glucose into the PPP to synthesize NADPH. Applying LSA and structured
correlation analysis, we identified influential and identifiable model parameters. From these, we selected for
estimation parameters that were not available from literature and that are most directly associated with the
dynamics of the GSH and GSSG concentrations ([GSH] and [GSSG], respectively), for which we had available
experimental data. We performed model calibration through parameter estimation and subsequently validated
the model. This was achieved using experimental [GSH] and [GSSG] data consisting of measurements at differ-
ent postnatal days from PN11 up to PN28 from the retinas of control C3H mice and the rd1 mouse model for
the disease RP. The calibration and validation results show that both in the control and the rd1 case, the model
produces output for [GSH] and [GSSG] approximating trends in the experimental data, and there is notable
uncertainty in the estimated parameters.

In order to better understand which pathways have the greatest impact on the system in control compared
to RP retinas during the first 28 days of postnatal development, we use the GSA method PRCC to investigate
the importance of model parameters and initial conditions in relation to the [GSH]/[GSSG] ratio, which reflects
antioxidant capacity, as well as in relation to the concentrations of NADPH, ROS and G6P. The results show
that overall in both control and diseased retinas, ROS generation due to photo-oxidation, quantified by r, drives
large changes in the level of the [GSH]/[GSSG] ratio, exerting a negative effect, which indicates that this process
is potentially a great contributor to increased oxidative stress.

In addition, in RP conditions the redox system is disturbed and as such for all postnatal days the [GSH]/
[GSSG] ratio is sensitive to elements that govern the enzymatic reaction in which GSH reduces ROS; in particular
to parameters representing the maximal velocity of the reaction (V max,,,,), the dissociation constant of ROS in
this reaction (KS[ ROS]), and concentration of GSH necessary to achieve half V ., when ROS is present at a
saturating concentration (K g )- Furthermore, V max,,, is the most influential parameter at postnatal days 13,
15 and 17, which suggests that the maximum velocity of the GSH-mediated reaction to neutralize ROS has the
greatest impact on oxidative stress in diseased retinas prior to degeneration of all rods, which occurs by PN20
in the rd1 mouse model for RP?’.

The PRCC analysis also shows that the process of ROS detoxification by GSH has strong effect on the level
of [ROS] during the development of both healthy and diseased retinas. However, while in control retinas, the
initial GSH concentration [ GSH]p (at PN11) impacts the level of [ROS] and the [GSH]/[GSSG] ratio for most
postnatal days, in the RP case [ GSH]y does not appear to play a role in relation to the ratio, and in relation to
the [ROS] level it has influence for three out of the five examined postnatal days. These findings suggest that
the initial GSH concentration has a limited effect on antioxidant capacity and the level of [ROS] in RP retinas.
Although, in RP retinas, and also in control ones, the [ROS] level is sensitive to the process of GSH production
at PN28. This indicates that stimulating GSH production, which has been shown to prevent degeneration of
RPE cells”®, could potentially serve as an intervention strategy to combat ROS in maturing mouse retinas with
RP where all rods have degenerated.

In addition, according to the PRCC results, in both control and RP retinas, higher utilization of NADPH
in processes other than reducing oxidized glutathione, captured by the parameter n| yappH ), Negatively affects
the level of the [GSH]/[GSSG] ratio. This means that diverting a lot of NADPH to service other reactions
would increase oxidative stress. It is key to note that for RP retinas, the sensitivity of the [GSH]/[GSSG] ratio to
n[NADPH | emerges after the peak in rod degeneration, which occurs between PN11 and PN13 in the rd1 mouse
model for RP?. In addition to participating in detoxification reactions, NADPH is involved in the synthesis of
lipids and proteins”!, and in mice the retina fully matures until about PN307? during which time it needs to sus-
tain a high level of lipid and protein production”. In light of this, our finding points out that during the period
of retinal maturation when there are significant structural maintenance demands requiring elevated lipid and
protein synthesis, a careful balance needs to be maintained in the use of NADPH between antioxidant metabolism
and biosynthetic processes. This is important for control retinas, but it is even more crucial for retinas with RP
where the progressive loss of rods leads to increased oxygen tension and thereby exacerbated photo-oxidation.

Finally, in both control and RP conditions, the level of [NADPH] and the [GSH]/[GSSG] ratio are impacted
by V}, the maximum velocity of glucose conversion to G6P. Larger V), would result in greater synthesis of G6P
from glucose, making more substrate available for diversion to the PPP to produce NADPH, which is required
for the conversion of GSSG back to the reduced form GSH. In particular, for the RP case the [GSH]/[GSSG]
ratio becomes impacted by the parameter V,, at PN28, in other words after the death of all rods in the rd1 mouse
model for RP. Activating pathways for creation of NADPH has been shown to protect RPE cells from oxidative
damage’, and our findings indicate that for developing mouse retinas with RP in which all rods have been lost
a possible intervention strategy would be to stimulate synthesis of NADPH.

Data availability

Computer code for LSA, parameter estimation, numerical simulations, and GSA with PRCC was implemented
in and run with the programming and computation software MATLAB (MathWorks Inc., Natick, MA, USA).
The codes for LSA and numerical simulations use the MATLAB ODE solver routine odel5s. The code for the
GSA method PRCC uses random number generation and statistics routines, and was modified and adapted from
codes available at http://malthus.micro.med.umich.edu/lab/usadata/**. PRCC data for our model generated dur-
ing the study is included in the Supplementary Information. No experimental datasets were generated during
the current study; for model calibration and validation this manuscript used GSH and GSSG data collected as
part of a previously published study (Gimeno-Herndndez et al. (2020)) and unpublished data generated after
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that experimental study, but before the conception of this computational study. The data are included in the
Supplementary Information.
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