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ABSTRACT
Oxidative stress occurs when there is an imbalance between oxidants and antioxidants, leading to the accumulation of reactive 
oxygen species (ROS). Excessive ROS can damage lipids, proteins, and DNA, contributing to cellular dysfunction and disease. 
Interestingly, premenopausal females tend to have lower levels of oxidative stress and higher concentrations of certain antioxi-
dants, such as glutathione (GSH), compared to males and postmenopausal females. These differences point to the important role 
of sex hormones in regulating oxidative stress and its effects on the body. Yet, clinical and experimental studies report conflicting 
effects of estradiol, particularly across the menstrual cycle in premenopausal females and in estradiol supplementation in post-
menopausal females. Here, we present a mechanistic mathematical model of hydrogen peroxide (H2O2), a key ROS, that explicitly 
incorporates estradiol and progesterone regulation of key enzymes. Using this model, we elucidate the mechanisms underlying 
females' lower oxidative stress and provide an explanation for the seemingly contradictory clinical observations at both steady 
state and during the menstrual cycle. We further apply the model to examine sex differences in cystathionine β-synthase defi-
ciency, explaining the attenuation of sex differences in key metabolites in the pathway. By connecting clinical observations with 
mathematical modeling, this work provides insights into the underlying mechanisms and paves the way for sex- and menopausal 
status-specific approaches in medicine and drug development.

1   |   Introduction

Reactive oxygen species (ROS) are produced naturally in the 
body as by-products of cellular metabolism. These ROS are subse-
quently neutralized by antioxidants to prevent their accumulation. 
Oxidative stress occurs when there is an imbalance between oxi-
dants and antioxidants like glutathione (GSH), leading to the ac-
cumulation of ROS. While ROS play essential roles in intracellular 
signaling at physiological concentrations, excessive ROS can dam-
age lipids, proteins, and DNA, contributing to cellular dysfunction 
and disease. Maintaining a balance between ROS production and 
catabolism (redox homeostasis) is critical for normal physiology, 
making this a significant area of research. Understanding the 
causes of oxidative stress is particularly important, as it is impli-
cated in various pathologies, including cardiovascular disease, 

cancer, neurodegenerative disorders, and aging [1, 2]. Interestingly, 
premenopausal females tend to have lower levels of oxidative stress 
than males and postmenopausal females [3–7]. In fact, there has 
been speculation that females live longer than males on average 
due to these lower levels of oxidative stress [8].

To investigate the mechanisms underlying these sex differences, 
we build on our previous work on metabolism and women's 
health [9–11] by developing a mathematical model of hydrogen 
peroxide (H2O2), a key ROS. The model includes H2O2 produc-
tion and removal in both the cytosol and mitochondria of liver 
cells and is grounded in physiological biochemistry, with ki-
netics and parameter values drawn from the literature. Using 
this framework, we demonstrate that the regulation of key en-
zymes in the GSH pathway by estradiol (the circulating form 
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of estrogen) leads to lower oxidative stress levels in premeno-
pausal females compared to males and postmenopausal females. 
Furthermore, by constructing a virtual population, we uncover 
how variability in kinetic parameters drives differences in the 
oxidative stress response to estradiol—both at steady state and 
dynamically across the menstrual cycle. These results provide 
a mechanistic explanation for some of the seemingly contradic-
tory findings regarding estradiol supplementation in postmeno-
pausal females and suggest that variability in oxidative stress 
regulation may influence responses to estradiol therapy.

Finally, we examine cystathionine ß-synthase deficiency 
(CBSD), a genetic disorder characterized by reduced cystathi-
onine ß-synthase (CBS) enzyme activity, which leads to greatly 
elevated homocysteine (Hcy) and lower GSH levels [12]. We 
successfully replicate clinically observed fold changes in Hcy 
and cysteine (Cys) [13]. Our mathematical model shows that the 
elevated Hcy increases cytosolic H2O2 by inhibiting key H2O2 
scavenging mechanisms, which aligns with reports of increased 
oxidative stress markers in CBSD patients [14, 15]. Our mathe-
matical model also explains the attenuation of sex differences in 
CBSD observed in [14].

The mathematical model is available in the Supporting 
Information and can be used by other researchers to investi-
gate questions regarding the effects of estradiol on oxidative 

stress in healthy individuals and in CBSD. The Data S1 contains 
model equations and parameters with thorough justification for 
the choices in parameters. We also include model calibration 
and the steps for virtual population generation in detail there. 
Data S2 contains the model SBML file. The schematic diagram 
of the mathematical model is shown in Figure 1, where the sub-
strates are in regular text and the enzymes are in bold. In the 
Methods section, we discuss key modeling issues.

2   |   Methods

2.1   |   Mathematical Model Development

H2O2 is a key ROS in cells, generated from superoxide anion by 
superoxide dismutase in the mitochondria. In the cytosol, H2O2 
is produced by peroxisomes, the endoplasmic reticulum, and 
NADPH oxidases [16]. Cells regulate H2O2 levels through three 
major antioxidant systems: the GSH system, the thioredoxin sys-
tem, and catalase (CAT). Due to these elimination mechanisms, 
H2O2 is maintained at steady-state concentrations of approxi-
mately 0.005 μM in the mitochondria and 0.01 μM in the cytosol 
of liver cells [17].

The schematic diagram of the mathematical model is shown in 
Figure 1. The substrates are in regular text, while the enzymes 
are in bold. A mass-balance ordinary differential equation is 
used for each substrate, except glutamate and glycine, which are 
held constant for all simulations. The enzymes that are down or 
upregulated by estradiol and/or progesterone are indicated with 
a red arrowhead for progesterone and a green arrowhead for es-
tradiol, respectively. Full names of the enzymes and substrates 
are in the legend of Figure 1. The allosteric reactions crucial for 
our investigations in this study are indicated by red arrows with 
flat arrowheads (inhibitory) and green arrows (stimulatory). 
The complete mathematical model, including justification, pa-
rameters, and references, is described in Data S1.

2.2   |   Mathematical Model Calibration

Model parameters, including Michaelis–Menten constants (Km), 
were obtained from the experimental literature when available. 
Parameters not reported in the literature, primarily enzyme 
maximum velocities (Vmax), were chosen so that model sub-
strates remained within physiological ranges or matched avail-
able experimental data.

The GSH pathway is largely adopted from our previous work 
[2, 11], where it was validated against experimental and clin-
ical data. Elements of the H2O2 submodel are adapted from 
Bilinsky [18]. Thus, in this study, calibration focused on the 
H2O2 scavenging pathways. For these pathways, Km values were 
taken from the literature, while Vmax values and H2O2 transport 
rates between the mitochondria and cytosol were calibrated to 
match in vitro experimental observations on mitochondria (see 
Data S1).

Model predictions were then compared with independent clini-
cal and experimental observations shown in Figures 3, 5 and 7; 
this data was not used for calibration.

Study Highlights

•	 What is the current knowledge on the topic?
○	 Oxidative stress differs by hormonal status, but 

the mechanisms behind these sex differences are 
still uncertain. The literature on estradiol and 
oxidative stress is particularly contradictory—
studies report both increases and decreases in 
oxidative stress when estradiol increases. In cysta-
thionine β-synthase deficiency (CBSD), these sex 
differences disappear.

•	 What question did this study address?
○	 Can a mechanistic mathematical model explain 

how estradiol modulates oxidative stress, repro-
duce the variability reported in the literature, and 
identify mechanisms that may underlie the loss of 
sex differences in CBSD?

•	 What does this study add to our knowledge?
○	 We show that estradiol's influence on oxidative 

stress is nonlinear and highly context-dependent, 
providing a mechanistic explanation for the seem-
ingly contradictory findings in the literature. We 
also explain why the sex differences disappear in 
CBSD.

•	 How might this change clinical pharmacology or 
translational science?

○	 A clearer understanding of estradiol's variable ef-
fects on oxidative stress can guide estradiol supple-
mentation strategies in the clinic. Therapies need to 
account for underlying sex differences, as responses 
may vary depending on sex or menopausal status.
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2.3   |   Hormone Concentrations at Steady State 
and During the Menstrual Cycle

In our mathematical model, we assume serum estradiol con-
centrations of 0.09 nM for males and postmenopausal females 
[29] and progesterone concentrations of 0.318 nM for the same 
groups [30].

For premenopausal females, estradiol levels over a 28-day men-
strual cycle are taken from [29]. Using Matlab's spline func-
tion, we interpolated a time-dependent estradiol curve and 
computed its average, yielding an estradiol concentration of 
0.4368 nM. A similar approach was applied to progesterone lev-
els from [31], resulting in an average progesterone concentra-
tion of 12.4859 nM. These values were used for Figures 2 and 7. 
For Figures 5 and 6, we used the time-dependent estradiol and 
progesterone curves.

2.4   |   Virtual Population Generation

To construct the virtual population, we first performed a Sobol 
sensitivity analysis to identify the key parameters influencing 
cytosolic H2O2 levels at estradiol and progesterone concen-
trations representative of a healthy male and postmenopausal 
female (estradiol = 0.09 nM, progesterone = 0.318 nM). This 
analysis was conducted using MATLAB's SimBiology sbiosobol 
function. The ranges for this sampling are in Table S1. Parameter 
sampling continued until the set of top 20 parameters ranked by 

Total-Order Sobol Index stabilized. We then selected the top 15 
parameters to construct a virtual population of N = 20,000 in-
dividuals using the plausible patient generation framework de-
scribed in [32]. Physiological parameter and substrate ranges 
used for this procedure are provided in Table S2. Importantly, 
the kinetic parameters related to estradiol regulation were var-
ied, whereas those related to progesterone regulation of enzymes 
were held constant in this initial population, as our focus was 
first on examining the effects of estradiol alone. The final pa-
rameter and state values for the virtual population are provided 
in Table S3.

3   |   Results

3.1   |   A Mechanistic Explanation for Sex 
Differences in Oxidative Stress

Our prior studies explained why premenopausal females have 
lower Hcy levels, a key biomarker for cardiovascular disease, 
than males [10], examined the effects of estrogen during the 
menstrual cycle and the effects of oral contraceptives on Hcy 
[9], and explored the mechanisms underlying premenopausal 
females' higher GSH levels than males [11]. With this new math-
ematical model of H2O2 metabolism, we pursue a similar ob-
jective. In our mathematical model, estradiol stimulates GPX, 
glutamyl Cys ligase (GCL), and CBS, while progesterone inhibits 
GPX. Given the complicated interactions of the substrates and 
hormones (see Figure  1), it is hard to predict what the effects 

FIGURE 1    |    Schematic diagram of mathematical model. Substrates are written in regular text, while enzymes are in bold. Each black arrow rep-
resents a biochemical reaction. Red and green arrows represent inhibition and activation, respectively. Substrate abbreviations: Met, methionine; 
Hcy, homocysteine; Cyst, cystathionine; Cys, cysteine; GluCys, glutamyl cysteine; GSH, glutathione; GSSG, glutathione disulfide; Gly, glycine; glut, 
glutamate; H2O2, hydrogen peroxide; Trxr, reduced thioredoxin; Trxo, oxidized thioredoxin; E2, estradiol; P4, progesterone. Enzyme Abbreviations: 
CBS, cystathionine ß-synthase; CTGL, γ-cystathionase; GCL, glutatmate cysteine ligase; GS, glutathione synthetase; GPX, glutathione peroxidase; 
GR, glutathione reductase; CAT, catalase; TPX, thioredoxin peroxidase; TR, thioredoxin reductase. Not shown here is the activation of CTGL and 
GCL by cytosolic H2O2.
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of estradiol and progesterone will be on the system, but we can 
compute them in the mathematical model.

Our previous mathematical model [11] successfully replicated 
and explained the observed trend of lower GSH levels in males 
compared to premenopausal females and demonstrated the sta-
bility of GSH levels throughout the menstrual cycle. Panel A in 
Figure 2 shows the steady-state concentrations of key substrates 
in a typical male and postmenopausal female, while Panel B 
shows those of a typical premenopausal female. Consistent with 
our previous findings, the current mathematical model contin-
ues to predict higher mitochondrial and cytosolic GSH levels 
in premenopausal females than in males and postmenopausal 
females. Additionally, cytosolic H2O2 levels decrease by 40% 
from males and postmenopausal females to premenopausal fe-
males, while mitochondrial H2O2 levels decrease by 10%. Thus, 
our mathematical model aligns well with and supports studies 
showing that oxidative stress markers are higher in males and 
postmenopausal females than in premenopausal females [3–7]. 
Lower oxidative stress on average in premenopausal women is 
caused by their higher GSH levels. Further, Figure 4 shows that 
cytosolic H2O2 responds to estradiol inversely compared to the 
response of GSH to estradiol. This is discussed in detail below.

3.2   |   The Impact of Estradiol on Oxidative Stress at 
Steady State

Although it is generally accepted that premenopausal females ex-
perience lower oxidative stress than males and postmenopausal 
females, the literature reports mixed results on the effects of estra-
diol. Panel A of Figure 3 shows the fold changes in blood oxidative 
stress markers as estradiol levels increase, relative to a baseline es-
tradiol concentration of 0.09 nM. The data are compiled from mul-
tiple human studies measuring markers such as lipid peroxides, 
reactive oxygen metabolites, and hydroperoxides in the blood of 
males or postmenopausal females, compared to premenopausal fe-
males or postmenopausal females receiving hormone replacement 
therapy [3–7, 19–22, 33]. For example, Bureau et al. [33] measured 
plasma lipid peroxide levels in postmenopausal females with and 
without hormone replacement therapy and found no significant 
difference between the two groups, whereas Rodriguez et al. [21] 
reported a decrease in lipid peroxides in postmenopausal females 
receiving hormone replacement therapy. As shown in Panel A of 
Figure 3, the results across studies are highly variable, which may 
in part reflect differences in study populations, experimental con-
ditions, or measurement techniques.

Another frequently used proxy for oxidative stress is the GSH/
GSSG ratio. Bellanti et  al. [34] found that postmenopausal fe-
males receiving estradiol replacement therapy had higher GSH/
GSSG ratios than those without hormone therapy. We do not 
include these data alongside the other oxidative stress markers 
because they are less directly related to H2O2 levels.

To investigate the variability reported in the literature and exam-
ine how estradiol influences oxidative stress, we generated a vir-
tual population by varying a subset of kinetic parameters in the 
model (see Methods for details). Panels B, C, and D of Figure 3 show 
summary curves of steady-state fold changes in cytosolic H2O2 
(cH2O2), GSH (cGSH), and the GSH/GSSG ratio (cGSH/cGSSG) 
across different estradiol concentrations in the virtual population, 
relative to an estradiol concentration of 0.09 nM. For each output, 
the black line denotes the virtual population mean and the colored 
line shows the median. Shaded regions represent the 10th–90th 
and 25th–75th percentiles. Interestingly, the mean GSH and GSH/
GSSG curves increase at low estradiol concentrations and then 
decline at higher levels, falling below their baseline values. The 
mechanistic basis for this nonmonotonicity is described in our 
previous work [11]. Briefly, GSH provides feedback inhibition on 
the enzymes responsible for its synthesis, GS and GCL. Thus, 
although estradiol stimulates GCL and initially increases GSH 
at low estradiol levels, this rise in GSH slows synthesis through 
feedback inhibition. Meanwhile, estradiol simultaneously stim-
ulates GPX, increasing GSH removal. As estradiol continues to 
rise, removal outpaces synthesis, causing GSH to decline. This in-
crease and subsequent decrease of GSH produces a mean cytosolic 
H2O2 curve that decreases sharply at low estradiol concentrations 
and then increases at higher levels. In addition, Panels B, C, and 
D show that the virtual population exhibits a broad distribution 
of responses, with the percentile bands indicating that oxidative 
stress can either increase or decrease with estradiol depending on 
the concentration of estradiol.

To illustrate individual variability, seven representative individ-
uals from the virtual population are shown in Panels A and B of 

FIGURE 2    |    Sex differences in oxidative stress. The blue numbers 
are the concentrations of the substrates in μM. Panels A and B are the 
steady states for males/postmenopausal females and premenopausal fe-
males, respectively, predicted by the mathematical model.
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Figure 4. These individual curves for cytosolic H2O2 and GSH 
allow us to explore what drives different H2O2 responses and 
why estradiol can have either positive or negative effects on oxi-
dative stress. In particular, the nonmonotonicity of GSH leads to 
a sharper decrease in H2O2 at low estradiol levels than at higher 
concentrations. The pink curve in panel B shows that GSH in-
creases at very low estradiol concentrations and then decreases 
once estradiol exceeds 0.25 nM. As a result, the pink H2O2 curve 
in Panel A first decreases and then turns upwards as estra-
diol increases. In contrast, the purple curve shows that when 
GSH rises substantially at low estradiol levels, H2O2 decreases 
monotonically with estradiol. Together, these findings provide 

a mechanistic explanation for the range of oxidative stress re-
sponses to estradiol reported in the literature, demonstrating 
that variability in oxidative stress regulation can account for dif-
ferences observed across studies.

3.3   |   Oxidative Stress During the Menstrual Cycle

Since the variation of estradiol and progesterone across the 
menstrual cycle is well-characterized, our mathematical 
model can predict how H2O2 levels change over the cycle. As 
with studies comparing males and postmenopausal females 

FIGURE 3    |    Population model captures variability of Estradiol's impact on oxidative stress. Panel A shows data on the fold changes in oxidative 
stress markers measured in blood relative to an estradiol concentration of 0.09 nM. The data are compiled from multiple human studies measuring 
markers such as lipid peroxides, reactive oxygen metabolites, and hydroperoxides in the blood of males or postmenopausal females, compared to pre-
menopausal females or postmenopausal females receiving hormone replacement therapy [3–7, 19–22]. Estradiol concentrations were taken directly 
from the cited studies when available. If they were not provided, we assumed the average level in the corresponding population. Panels B, C, and D 
show summary curves of steady-state fold changes in cytosolic H2O2 (cH2O2), GSH (cGSH), and the GSH/GSSG ratio (cGSH/cGSSG) across different 
estradiol concentrations in the virtual population, relative to an estradiol concentration of 0.09 nM.

FIGURE 4    |    Individual variability in oxidative stress responses to Estradiol at steady state. In Panels A and B, steady-state cytosolic fold changes, 
relative to an estradiol concentration of 0.09 nM, in H2O2 (cH2O2) and GSH (cGSH) are shown at each estradiol concentration for seven individuals 
(each defined by a distinct parameter set) randomly selected from the virtual population. The same color in both panels corresponds to the same 
individual.
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to premenopausal females or postmenopausal females on hor-
mone replacement therapy, the literature measuring oxidative 
stress markers in premenopausal females during the menstrual 
cycle shows considerable variability. Panel C of Figure 5 pres-
ents literature data on the fold change of oxidative stress mark-
ers in the blood during the menstrual cycle, relative to the first 
time point in each study. These data are compiled from several 
studies [4, 23–26] measuring markers such as lipid peroxides, 
reactive oxygen metabolites, and hydroperoxides in blood, and 
in urine for one study [23], at different time points throughout 
the cycle. Unlike the broader studies described in the previous 
section, these studies track changes over the menstrual cycle in 
premenopausal females, allowing us to observe how oxidative 
stress responds in real time to fluctuating estradiol and proges-
terone levels.

Panels A and B of Figure 5 show the mean estradiol and proges-
terone profiles used in the model (see Methods for calculation 
details). The same hormonal curves were applied to all individu-
als in the virtual population. Panels D, E, and F summarize the 
predicted fold changes of cytosolic H2O2, GSH, and the GSH/

GSSG ratio across the menstrual cycle in the virtual popula-
tion, relative to Day 1. For each output, the black line denotes 
the virtual-population mean and the colored line shows the me-
dian; shaded regions represent the 10th–90th and 25th–75th per-
centiles. Interestingly, the mean H2O2 and GSH/GSSG curves 
decrease as estradiol rises, while the mean GSH curve remains 
relatively stable. This behavior contrasts with the steady-state 
predictions at fixed estradiol concentrations. As discussed in 
our previous work [11], this difference arises because the quasi-
steady-state assumption does not hold in this dynamic system. 
This result highlights the importance of accounting for the men-
strual cycle and real-time hormonal dynamics when measuring 
metabolite concentrations in premenopausal females. Not only 
do estradiol levels and cycle lengths vary among individuals, 
but the temporal changes in estradiol can also drive distinct dy-
namic responses in oxidative stress regulation at different times 
in the cycle.

Examining seven randomly selected individuals from the vir-
tual population (Panels A and B of Figure 6) further highlights 
interindividual variability. Considering the curves of the same 

FIGURE 5    |    Oxidative stress variability throughout the menstrual cycle. Panels A and B show the mean estradiol and progesterone profiles used 
in the mathematical model (see Methods for details on calculation). In Panel C, literature data on the fold change of oxidative stress markers across 
the menstrual cycle are shown relative to levels at the first time point within each dataset. Data are compiled from [4, 23–26], which report measure-
ments of oxidative stress markers such as lipid peroxides and hydroperoxides in blood and urine [23] of premenopausal females at different menstrual 
phases. Panels D, E, and F summarize the predicted fold changes of cytosolic H2O2 (cH2O2), GSH (cGSH), and the GSH/GSSG (cGSH/cGSSG) ratio 
across the menstrual cycle in the virtual population, relative to Day 1.
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color in Panels A and B, one can see how changes in GSH during 
the menstrual cycle influence the behavior of H2O2 to fluctuat-
ing estradiol. For example, in the dark blue curve of Panel B, 
GSH decreases around Day 10. Accordingly, the dark blue H2O2 
curve in Panel A increases around Day 10. Similarly, the pink 
GSH curve in Panel B increases from Day 5 to Day 10, and then 
decreases, so the pink H2O2 curve in Panel A decreases and then 
increases. Thus, it is the GSH value that drives the variability in 
H2O2 during the menstrual cycle. The range of variation of H2O2 
at the estradiol peak varies from 0.4 to almost 1.5 (in Figure 6A), 
and this range is consistent with the average fold changes seen 
by four different authors, depicted in Figure 5C. We note that we 
use the same estradiol and progesterone curves for all individuals 

in our virtual population, so if one considers the great variation 
of hormonal curves between women, the H2O2 curves would be 
even more variable. The implication both from the clinical stud-
ies and from our model is that one should expect a very wide 
range of oxidative stress responses in different women during 
the menstrual cycle.

3.4   |   CBS Deficiency

CBSD is a rare genetic disorder caused by mutations in the 
CBS gene, leading to reduced CBS activity. This results in the 
accumulation of Hcy and other methionine cycle metabolites. 

FIGURE 6    |    Insights into oxidative stress variability during the menstrual cycle. In Panels A and B, predicted fold changes of cytosolic H2O2 
(cH2O2) and GSH (cGSH), relative to Day 1, are shown across the menstrual cycle for seven individuals (each defined by a distinct parameter set) 
randomly selected from the virtual population. The same color in both panels corresponds to the same individual.

FIGURE 7    |    Attenuation of sex differences in cystathionine ß-synthase deficiency. Panel A shows the fold change in homocysteine (Hcy) levels 
between patients with cystathionine β-synthase deficiency (CBSD) and healthy controls (red bar: Clinical study [13]; blue bar: Model prediction). In 
the clinical study [13], total serum Hcy levels were measured in patients with CBSD. Panel B shows the fold changes (relative to control) in cytosolic 
cysteine (cCys), glutathione (cGSH), and cytosolic H2O2 (cH2O2) from clinical studies and the model. Literature data for cCys and cGSH are taken 
from [27, 28], which report liver concentrations in mouse models of CBSD. For the model (blue bars), bar heights represent the median values, and er-
ror bars indicate the interquartile range of the virtual population. Although cH2O2 was not directly measured in the experimental studies, increased 
markers of oxidative stress have been reported in tissues of CBSD mice and rats. In Panel C, the premenopausal female to male/postmenopausal 
female ratio of Hcy, cCys, cGSH, and cH2O2 under both control and CBSD conditions are shown in our virtual population. Again, the height of the 
bars represents the median and the error bars are the interquartile range from the virtual population.
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Notably, CBS is primarily expressed in the liver, where these 
metabolic disruptions can begin, and the pathophysiology of 
CBSD, including the role and cause of oxidative stress [14], is 
still an area of ongoing research. Thus, our mathematical model 
of GSH and H2O2 metabolism can be used to explore the mecha-
nisms of disease pathology.

In addition to elevated levels of Hcy, the downstream products 
of CBS in the GSH pathway—Cys and GSH—are decreased 
due to impaired synthesis by CBS [35]. Stabler et al. [13] mea-
sured total serum Hcy and Cys in 118 patients with CBSD and 
49 healthy controls, finding that Hcy increased approximately 
17-fold, while serum Cys decreased by about 53% in CBSD pa-
tients. Animal studies in mice and rats similarly report elevated 
markers of oxidative stress in tissues and plasma [27, 36–38], and 
human studies corroborate these findings, showing increased 
oxidative stress markers in plasma from CBSD patients [14, 15].

We modeled CBSD by reducing the maximum velocity Vmax 
of CBS, resulting in an end activity of CBS that is 2.5% of nor-
mal—consistent with clinical findings [39]. We fix the Vmax of 
CBS and do not vary it in the virtual population. Panels A and 
B of Figure 7 illustrate the resulting changes in key metabolites 
when estradiol is fixed at 0.09 nM, the average level in males and 
postmenopausal females. Panel A shows the resulting changes 
in Hcy compared to literature data, demonstrating that the 
model reproduces the elevated Hcy levels observed in CBS de-
ficiency. Panel B shows the fold changes (relative to control) in 
cytosolic Cys, GSH, and H2O2. Cytosolic Cys decreases approx-
imately 60%, leading to a ~20% decrease in GSH. These values 
fall within experimentally observed ranges in mouse liver mod-
els [27, 28]. Cys and GSH do not decline further because Cys 
input from the blood compartment remains. Despite only a mod-
est GSH decrease, cytosolic H2O2 levels rise substantially due to 
elevated Hcy which inhibits both CAT and GPX (see Figure 1). 
Thus, reduced H2O2 clearance drives the observed oxidative 
stress. While cytosolic H2O2 concentrations are not directly 
measured in liver tissue, our model's predictions are consistent 
with reported increases in oxidative stress markers under CBSD.

In Figure 2, we observed that females have lower levels of cy-
tosolic H2O2. The blue bars in Panel C of Figure 7 represent the 
premenopausal female to male/postmenopausal female ratios of 
metabolites in healthy individuals, while the orange bars show 
these ratios in CBSD. The blue bars correspond with the male/
postmenopausal female and premenopausal female concen-
trations in Figure 2. Notably, while GSH levels are elevated in 
healthy premenopausal females compared to males and post-
menopausal females, they are lower in premenopausal females 
with CBSD. This can be explained by estradiol's upregulation 
of GPX and the inhibitory effect of Hcy on GPX. In CBSD, Hcy 
inhibits GPX more strongly than in the control due to higher 
Hcy concentrations. In males and postmenopausal females with 
CBSD, this Hcy-mediated inhibition of GPX outweighs estradi-
ol's stimulation of GPX, whereas in premenopausal females, the 
more pronounced estradiol stimulation of GPX leads to greater 
GSH depletion. This results in lower cytosolic Cys levels in 
premenopausal females relative to males and postmenopausal 
females in CBSD since there is less inhibition of GCL by GSH 
in premenopausal females with CBSD, and estradiol stimu-
lates GCL. Furthermore, Hcy levels in CBSD do not differ as 

significantly between sexes as one might expect. Although es-
tradiol upregulates CBS, the lower GSH level in premenopausal 
females with CBSD reduces its stimulatory effect on CBS, lead-
ing to Hcy levels comparable to those in males and postmeno-
pausal females with CBSD. Consequently, since Hcy levels are 
approximately equal between males/postmenopausal females 
and premenopausal females with CBSD, the inhibition of CAT 
and GPX by Hcy is the same in all groups. However, this does 
not result in identical cytosolic H2O2 levels in males/postmeno-
pausal females and premenopausal females with CBSD because 
estradiol stimulates GPX, which leads to more scavenging of cy-
tosolic H2O2 by the GSH pathway in females with CBSD.

This attenuation of the sex difference in cytosolic H2O2 aligns 
with the findings of Balci et al. [14] which report that in healthy 
individuals, a marker of oxidative stress, the NAD/NADH ratio, 
is lower in premenopausal females than in males. However, 
they found that this sex difference is absent in CBSD patients. 
Overall, these results illustrate how estradiol's regulatory ef-
fects on key enzymes can produce distinct metabolic outcomes 
in healthy versus diseased individuals. Understanding these 
sex-specific dynamics is important for CBSD therapy, as sex dif-
ferences may reemerge upon treatment, potentially leading to 
differential responses based on sex or hormonal status.

4   |   Discussion

We have created a mathematical model for the production and 
catabolism of H2O2 in the liver. No mathematical model can 
capture the full complexity of a biological system, so our model 
necessarily incorporates simplifications. Although other ROS 
exist (e.g., superoxide anion and hydroxyl radical), we focus on 
H2O2 due to its abundance and central role in cell signaling and 
metabolism. We assume constant rates of H2O2 production in 
the mitochondria and cytosol, as well as constant levels of gly-
cine, glutamate, and input from the methionine cycle into Hcy. 
Because the dynamic estradiol and progesterone curves vary 
among premenopausal females, we use the average 28-day men-
strual cycle curves.

Previous work by Bilinsky [18] developed a mathematical model 
of hepatocyte oxidative stress to study the effects of dimethy-
larsinous acid (DMA) exposure. Her simulations demonstrated 
that depletion of GSH can trigger a delayed rise in H2O2 to levels 
that initiate cell death pathways, suggesting that GSH depletion 
is a key driver of oxidative stress-induced hepatocyte death. Our 
work complements this by showing that GSH also plays a critical 
role in regulating H2O2 dynamics in response to estradiol.

To our knowledge, this is the first mathematical model that inte-
grates all three mechanisms of H2O2 scavenging, liver GSH me-
tabolism, and the regulatory roles of estradiol and progesterone. 
Using this model, we elucidated the mechanisms underlying sex 
differences in liver oxidative stress and the context-dependent 
role of estradiol. We found that estradiol's effect on oxidative 
stress varies across individuals depending on their specific pa-
rameter values, providing a mechanistic explanation for the 
variability in oxidative stress markers observed between pre-
menopausal females during the menstrual cycle, as well as the 
pre- and postmenopausal differences reported in the literature. 
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Additionally, our model uncovers the mechanisms driving the 
lack of sex differences in CBSD, which has important impli-
cations for sex-specific drug development. Understanding es-
tradiol's role in oxidative stress is crucial for guiding estradiol 
supplementation and designing therapies for diseases that dis-
rupt these metabolic pathways, such as CBSD.

Further development of the virtual populations and calibration 
with clinical data are needed and will be the focus of future 
work. Additional mechanisms could also be incorporated, in-
cluding those describing progesterone-mediated regulation of en-
zymes in the pathway, to better characterize the effects of these 
hormones on redox balance and assess the sensitivity of model 
outputs to hormonal variability. This framework enables explora-
tion of important questions in women's health, such as how inter-
individual variability in menstrual cycle hormones or the use 
of oral contraceptives influences oxidative stress. For instance, 
studies have reported elevated serum H2O2 levels in females 
using oral contraceptives [40], which we plan to investigate using 
this model. Overall, this work establishes a foundation for sex- 
and hormone-specific modeling approaches that can inform fu-
ture drug development and personalized therapeutic strategies.
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39. J. Krijt, J. Kopecká, A. Hnıźda, et al., “Determination of Cystathi-
onine Beta-Synthase Activity in Human Plasma by LC-MS/MS: Poten-
tial Use in Diagnosis of CBS Deficiency,” Journal of Inherited Metabolic 
Disease 34 (2011): 49–55.

40. S. Cauci, S. Xodo, C. Buligan, et al., “Oxidative Stress Is Increased in 
Combined Oral Contraceptives Users an d Is Positively Associated With 
High-Sensitivity C-Reactive Protein,” Molecules 26, no. 4 (2021): 1070.

Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: psp470243-sup-0001-supinfo1.pdf. 
Methods S1: The role of estradiol in oxidative stress in health and cys-
tathionine β-synthase deficiency: A mechanistic Model. Figure S1: 
Model recapitulates experimental results. Panel A shows the decay of 
1000 μMH2O2 when added exogenously to our mitochondria submodel 
(blue line) and to rat liver mitochondria as in [35] (circle). In panel B, 
the H2O2 removal rate, relative to control, is shown when 3 μM H2O2 
is added exogenously to our mitochondrial submodel (blue bars) and to 
rat liver mitochondria [36] (orange bars). The error bars represent stan-
dard errors in the experiments. To create the experimental set up, our 
mitochondria submodel turns off GSH production, the cytosolic H2O2 
scavenging mechanisms, and transport of GSH, GSSG, and Cys into/out 
of cell. In addition, all plasma and cytosolic variables, aside from cyto-
solic H2O2 are set to zero. The cytosolic H2O2 represents the exogenous 
H2O2 in the experimental set up. Data S2: SBML model code. Table S1: 
Parameter ranges for sensitivity analysis. Table S2: Parameter and spe-
cies ranges for virtual population generation. Table S3: Final parameter 
and species values for virtual population. 

 21638306, 2026, 4, D
ow

nloaded from
 https://ascpt.onlinelibrary.w

iley.com
/doi/10.1002/psp4.70243, W

iley O
nline L

ibrary on [08/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	The Role of Estradiol in Oxidative Stress in Health and Cystathionine ß-Synthase Deficiency: A Mechanistic Model
	ABSTRACT
	Study Highlights
	1   |   Introduction
	2   |   Methods
	2.1   |   Mathematical Model Development
	2.2   |   Mathematical Model Calibration
	2.3   |   Hormone Concentrations at Steady State and During the Menstrual Cycle
	2.4   |   Virtual Population Generation

	3   |   Results
	3.1   |   A Mechanistic Explanation for Sex Differences in Oxidative Stress
	3.2   |   The Impact of Estradiol on Oxidative Stress at Steady State
	3.3   |   Oxidative Stress During the Menstrual Cycle
	3.4   |   CBS Deficiency

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	References


